AO*A042  443 
UNCLASSIFIED 


PRATT  AND  WHITNET  AIRCRAFT  SROUP  WEST  PALM  BEACH  FLA  —ETC  F/6  11/6 
WEAR  RESISTANT  COATINGS  FOR  TITANIUM  ALLOYS. (U) 

MAR  77  B A MANTY*  H R LISS  N00019-76-C-0342 

FR-6%00  ML 


kt 


l«=l 

■ 

1 

■■■ 

■ « 

i 

■ ■ 

1 

m 

1 

LI 

B1 

1 1 

li 

■ 

II 

■ 

II 

m"^m 

mm  9^  .4 

1 

•• 

^ T 

■ ~~ 

y 0 

cm 

END 

DATE 

FILMED 

8^77 

- ' V 


t:>-. 


m.4rnik:  ^ 


1 VSjrt^ 


Wi  l ASSII  II  1)  

StCURlTy  CL  ASSiriC  ATfON  TmiS  PAGE  fWhmn  Pmtm  F.rttmr^d) 


\ 


O'o 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 
BEFORE  COMPJ-f  TINO  FCIBM.  , 

1 BEPOBT  numBFR  GOVT  ACCESSION  NO 

N0001‘)-'’(.-( -0.t4:  t-  J >'  - k ^ ^ 

3 RECIPIEnT'SVCAT4^PG  NUMBER  ^ / 

X / 

A title  fmnri  Subllll.) 

s Type  of  report  & ^fHro1*«ouei/LO 

WKAR  RKSISTANT  COATlNfiS  FOR  TITANU’M  AU.OYS  « 
^ f'u) 

Final  March  15,  1976  - 
March  15,  1977 

' FR-H4f<f<^ 

— 

6 contraction  grant  number^*/ 

H.  A/\lanty  / 
H.  h/i,iss  j 

,\UfK119-76-r-(X14J^/ 

9 PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 
1 nited  I'ei ('orporfltion 
Prrttt  Whi!iie\  Ainratt  (iroup 
( iovernnien!  I’nKhu  ts  Divisitfn 
Wes!  I’alm  Kem  h.  Klonda  IC14112 

10  program  element  project,  task 

AREA  4 WORK  UNIT  NUMBERS 

M CONTROLLING  OFFICE  NAME  AND  ADDRESS  / 

I)«‘par!nient  ol  Navy 

Naval  Air  Systems  (’onimand  / „ 

WashlMCtnll.  I)  (’ 

Mar^  i#77  / 

-**•  mmalB  4P  SagTs 

73 

14  monitoring  agency  name  & AODRESSf/f  different  from  ControlUnd  Office) 

is  security  cl  ass  (ot  Ihit  rtport) 

INTLASSIFIKD 

1S«  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 

t6  Distribution  statement  (ot  r^/•  Report) 

Approved  tor  public  release;  distribution  unlimited. 


17  Distribution  statement  (ot  the  mbtumet  entered  in  Sfocli  20.  If  different  from  Re 


IS  SUPPL  EMEnTARY  NOTES 


19  KEY  WORDS  ^Continue  on  reverae  aide  if  neceaasry  end  Identify  by  block  number) 


('oatiriK.  Titanium  Alloys,  Wear  Resistant,  ('hromium-Molybdenum,  Klectroplatinu,  Sputtering, 
Diffusion 


abstract  ^Conrintji*  on  reverae  aide  It  neceaaerv  end  Identity  hv  block  number) 

\ 

Techniques  for  applying  chromium-molybdenum  alloys  to  titanium  alloy  substrates  were 
developed  and  the  resultant  systems  evaluated  as  protective  coatings.  Deposition  techniques 
including  electroplating  and  sputtering  were  considered  and  diffusion  properties  studied.  A 
coating  alloy  containing  I'^f  molybdenum  was  shown  to  greatly  improve  the  wear  resistance. 
Krosion,  oxidation  and  stress  corrosion  properties  were  also  improved.  The  coating  system  h^  no 
apparent  effect  on  fatigue  properties  of  Ti  SAl-lV-lMo  at  either  rtwm  temperature  or 


DD 1473  rOlTiON  Of  I NOV  «s  IS  OBSOLETE 


iiNfi.ivssinnn 


SFCuaiTV  CLASSIFICATION  Of  This  PAC.F  I'mi.n  rtmlm  F.nlmtrd) 


I 

► 


# PREFACE 

1 

The  authors  wish  to  aeknowledne  the  contribution  provided  hy  the  lollowinf'  individuals: 

Mr.  H.  I.adn  for  his  diliftence  in  conductint;  the  plating  studies  and 
i Mr.  H.  .1.  Hecht  and  Mr.  R.  .1.  Mullaly  for  the  sputter  application  of  coatings. 

Mr.  \V.  Tress  and  Mr.  \V.  Morgan  conducted  analysis  of  the  deposits/plating 
solutions  and  aided  in  the  interpretation  of  the  results  ohlainetl. 

Mr.  S.  Honifazi  contributed  with  suggestions  leading  to  the  development  of 
coating  a|>plication  techniques.  Mr.  -I.  Hoffner.  \A\'AIK,  provided  technical 
monitoring  of  the  program  and  advice  helpful  to  the  successful  completion  of  this 
program. 


(f 


ABSTRACT 
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inclndint;  elect roplalinj;  and  spullerinf;  were  considered  atid  dilliision  properties  studied  A 
coaliiif;  alloy  <-ontaining  I'l  molybdenum  was  shown  to  greatly  improve  the  wear  resistance 
Krosion.  oxidation  and  stress  corrosion  properties  were  also  improved.  T'he  coating  system  had  n<i 
etiect  on  laligue  pro|H-rties  ol  Ti  8AI-IV-IM0  at  either  room  lem|)eriiliire  or  dlo'T. 
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SECTION  I 


INTRODUCTION 

The  I'llective  use  ol  tilimiuni  all<<ys  in  advanced  engine  and  airlrame  applications  is  strongly 
de|)endenl  upon  surlace  treatment  and  coatings.  This  has  been  a continuing  chemical  and 
metallurgical  concern  since  titanium  was  first  applied  to  gas  turbine  engine  service  in  the  early 
nt"itl's.  As  engine  ex|H'rience  and  lahoratory  testing  progressed,  specific  problems  were  identified, 
namelv  erosion,  fretting,  galling  and  corrosion.  These  were  alleviated  by  surface  treatments 
designed  to  deal  with  the  specific  engineering  environments.  Coatings  are  still  tailored  to  meet 
problems,  and  alloy  compositions  and  treatments  are  adjusted  to  optimize  mechanical  properties 
and  minimize  corrosion  susceptibility.  Meanwhile,  alloy  developments  during  the  last  decade 
have  continued  to  rai.se  the  allowable  temperature  limits  ol  titanium  alloys.  Further  progress  is 
expected,  extending  development  goals  to  a ( 12(M)°F)  capability.  Three  principal  obstacles 

hinder  the  maximum  application  of  titanium  alloys  in  advanced  gas  turbine  engines. 

These  are; 

1.  Resistance  to  wear,  fretting  and  galling 

2.  Hot-salt  stress  corrosion  resistance 

■ t.  Resistance  to  air  oxidation  at  elevated  temperatures. 

The  program  described  in  the  following  sections  was  directed  toward  solution  of  the.se  three 
kev  problems.  If  coating  systems  are  not  developed  to  protect  against  these  environments, 
designers  will  be  denied  the  weight  advantages  which  emerging  high-temperature  titanium  alloys 
could  provide. 

Coatings  previously  investigated  for  the  protection  of  titanium  from  wear,  fretting  and 
galling  have  included  electrodeposits  of  silver,  nickel  and  chromium  (Reference  1 ).  'These  studies 
demonstrated  that  some  degree  of  protection  could  be  achieved  with  any  of  the  coatings,  but 
other  protilerns  such  as  silver  induced  corrosion  (or  stress  corrosion)  and  the  coatings  effect  on 
basic  engineering  properties  were  not  completely  dealt  with.  Other  investigators  (Reference  2) 
have  shown  a six-fold  improvement  in  wear  life  achieved  by  using  a chromium-molybdenum  alloy 
electrodeposit  on  steel  rather  than  a more  conventional  chromium  plate.  'These  alloys  had, 
however,  never  been  tailored  for  use  on  titanium  alloys.  Other  wear  resistance  coatings  such  as 
anodize  ( Reference  M)  has  shown  promi.se  but  only  when  used  with  dry  film  lubrication,  'This,  and 
ot  her  less  successful  anodic  and  conversion  coatings,  do  not  provide  the  overall  resistance  to  wear, 
fretting  and  galling  achievable  with  metallic  coatings. 

Coatings  deposited  on  titanium  alloys  that  have  exhibited  resistance  to  erosion  include 
nickel,  chromium,  aluminum,  silicon,  (Reference  4),  chemical  vapor  deposited  titanium  carbide 
t Reference  r>)  and  a titanium  carbonitride  coating  applied  over  electroless  nickel  plated  titanium 
(Reference  (>l.  Cnfortunately,  most  of  these  erosion  resistant  coatings  also  significantly  reduced 
the  fatigue  strength. 

Nickel,  aluminum  and  anodic  coatings  have  all  shown  some  aliility  to  protect  titanium 
alloys  from  hot-salt  stress  corrosion  cracking  (References  7 and  .'11.  Diffused  aluminum,  zinc, 
chromium,  silicon,  and  plasma  sprayed  aluminum  have  also  protected  titanium  alloys  under 
some  conditions  (References  H and  9). 

Several  tv|)es  of  coatings  have  been  investigated  for  the  protection  of  titanium  from 
oxidation.  'These  have  included  aluminides,  silicides  and  various  other  types  of  intermetallic 
cornixainds  normally  used  to  protect  nickel  alloy  turbine  hardware.  In  ever>-  case,  although 
oxidation  protection  was  demonstrated,  many  times  to  tem|K'ratures  above  ( 12(M)°F),  other 

problems  such  as  reduced  mechanical  proiK'rties  or  enhanced  sensitivity  to  environmentally 
enhanced  cracking,  precluded  their  use  on  hardware  (Reference  10). 

1 


In  this  program,  techniques  for  applying  a chromimn-molyhdenum  alloy  to  titanium  alloy 
substrates  were  developed  and  the  resultant  systems  evaluated  as  protective  coatings  (or 
titanium  alloys.  I)e|)osition  techniques  including  electroplating  and  sputtering  were  considered 
and  diffusion  properties  studied.  Previous  work  indicated  that  the  coatings  could  he  applied  to 
titanivun  alloys  to  provide  a wear  resistant  surface  without  severely  affecting  mechanical 
properties.  Therefore,  these  coatings  were  selected  for  further  evaluation.  This  work  completes 
the  first  phase  of  an  anticipated  three-phase  effort.  The  second  will  strive  for  a more  complete 
characterization  of  the  coating  and  application  to  a sample  part  while  the  final  phase  will  scale 
up  the  process  and  provide  production  jiarts  for  in-service  testing. 


SECTION  II 


EXPERIMENTAL  PROGRAM 


l'}u‘  (‘X|HTmu‘ntal  [xirtion  ol  iIiin  program  was  divided  mtii  several  sei  tions: 

I.  Develiipment  ol  a proiediire  lo  deposit  two  eoniposilions  ol  ehromium- 
molylideiuini  onto  titanium  alloys 

L’.  Kvaluate  the  dittiision  characteristics  of  the  coating  into  titanium  alloys 
'I.  Kvaluate  alternate  a|)|)lications  methods  such  as  sputtering 
1.  Kvaluate  the  adhesion  ol  the  coatings 

0.  Kvaluate  the  erosion  and  wear  resistance 

li.  Determine  the  eliects  ot  the  coating  on  stress  corrosion  resistance  and 
oxidation  iiroperties 

7.  Mea  sure  the  latigue  and  Iretling-latigue  properties  of  the  coated  alloys. 

The  object  ol  this  lirsl  [ihase  ol  development  was  to  provide  a recommended  |)rocedure  to 
appiv  a chrornium-molvhdenum  coating  to  three  alloys: 

1.  Ti  HAMV-l.Mo 

2.  Ti  (iAl-()\'-2Sn 
:t,  Ti  ()A1-4V 

MATERIALS 

Substrate  Materials 

Chemical  com|)ositions  of  the  substrate  materials  used  in  this  investigation  are  listed  in 
Table  I.  'I'he  coni|>ositions  were  all  confirmed  by  Pratt  & Whitney  Aircraft. 


TAHI.K  1.  CHKMICAI.COMPOSmON  OF  TITANIUM  ALLOY  SUHSTHATK  MATKKIALS 
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Chemicals 


Chemicals  used  in  preparint;  the  plating  snliitinns  and  other  solutions  used  in  this 
invest it;at ion  were  all  reagent  i;rade  materials  except  lor  the  sell  remilatinn  < hroini<  ai  id  ^^hl(ll 
was  obtained  Irom  I'nited  Ctiroiniuni  Corportition  under  their  desinnation  SHIIS  CH  I ID 

COATING  PROCESSES 

Selection  of  Chromium-Molybdenum  Alloys 

The  first  interest  had  in  chroniium  inolvhdenuin  coatint's  slenitned  Irom  a ( r\ot;eni( 

wear  problem  on  a roiket  ent;ine  How  divider  valve  lAlSI  .'ilTl.  Conventional,  hard  chromium 
electroplate  was  not  providinn  t he  required  wear  resistance;  therelore,  a number  o|  ot  her  coatinu^ 
were  evaluated.  ol  whirh  the  chromium molybdenum  proved  to  be  the  best. 

Literature  relerences  datinf;  back  more  than  21)  years  on  the  codepi.^it ion  ol  ( hromnim  and 
moKbdenum  exist  althou^;h  no  industrial  applications  other  than  this  instance  were  loiind. 

I)ense.  adherent  deposits  with  hinh  corrosion  and  wear  resistance  can  be  obtained  b\  ihi' 
I ii(lepo-.|iion.  The  success  ol  these  deposits,  as  reported  in  the  literature,  can  |)robabl\  be 
attributed  to  the  uni(|ue  combination  ot  pro|)ertii's  not  jiossessed  liv  am  material. 

One  ol  the  more  sifjniticant  results  that  have  been  obtiiined  is  i hi'  elicit  o|  about  lb 
molvbdenum  in  chromium  increasing:  the  wear  resistance  by  :t  to  S times  iKelerence  l-b 
Molvbdenum  appears  not  only  to  improve  the  wear  resistance  but  also  to  improxe  the  corrosion 
' resistance. 

Literature  relerences  describing;  the  deposition  ol  alloys  containini;  as  much  as  22b 
molvbdenum  have  heen  lound  (Helerence  I t)  but  errors  in  analytical  proceilures  unco\ered  in 
-ubsequetit  wiirk  indicate  deposits  have  t'enerally  not  contained  more  than  2b  molylidenum.  .'\ll 
invest ifiat ions  have  re|)orted  the  cu.'rent  elliciency  decreased  as  the  molybdenum  content  o|  the 
deposit  increased  ( Kelerence  15). 

I'he  selection  ol  chromium-molybdenum  as  a coatitifc  system  lor  I ilanium  allovs  was  based 
on  the  apparent  chemical  and  metallur^;ical  compatibility  perhaps  best  illustrated  li\  the 
weldabilitv  chart  shown  as  Ki^;ure  1.  This  compiit ibilily  leature  was  believed  a crui  ial  lactor  in 
minirni/itii;  ellects  of  the  coatint;  |)roeess  on  mechanical  properties  such  a-  latiy'ue  strenf;th. 

Kurt  tier,  excellent  elevated  tem|)erature  oxidation  resistance  ol  chromium  -ob  molvbdenum 
allovs  has  been  reimrled  (Helerenee  Kil  to  temperatures  above  f)27  ('  I ITlii)  K).  a temperature 
(treater  tban  the  Inchest  expected  temfierature  lor  the  coatinc  on  titanium  alloys. 

I Electrodeposition  of  Chromium 

I'he  overall  reaction  resiiltinc  in  chromium  deposition  from  aqueous  solution  can  be 
represented  bv: 

’’  |<  r "t  Mj( ))n  |„,i  ♦ fk'  • ('ri„i,„,  • nH;,() 

This  siniplified  lorm  represents  the  reduetion  of  a hydrated  hexavalent  chromium  ion  to  a 
chromium  atom  in  the  crystal  lattice.  I’revious  studies  with  tracers  by  Brenner  and  Ottburn 
iKelerence  1 1 ) confirmed  that  chromium  was  deposited  directly  from  the  hexavalent  stale.  Kven 
so.  several  steps  must  be  involved  in  the  overall  reaction  and  no  comprehensive  iheorv  isaxailable 
to  explain  why  chromium  deposits  are  obtained  from  a chromic  acid  bath. 
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^ INTERMETALLIC  COMPOUNDS  FORMED  - 

UNDESIRABLE  COMBINATION. 

S SOLID  SOLUBILITY  EXISTS  IN  ALL  ALLOY 

COMBINATIONS  - VERY  DESIRABLE 
COMBINATION 

C COMPLEX  STRUCTURES  MAY  EXIST  - 

PROBABLY  ACCEPTABLE  COMBINATION 
D INSUFFICIENT  DATA  FOR  PROPER  EVALUA- 

TION USE  WITH  CAUTION 
N NO  DATA  AVAILABLE  - USE  WITH  EXTREME 

CAUTION 

Ki » »iH4  r 


FiHurr  1 ('ompatibility  of  Metal 


Chnuninm  canniit  l)c  (l(‘piisi(c()  (mtn  ii  snliitirin  (■onlaitiint'  <ml\  ctirnmic  acid  and  water 
without  one  or  more  acid  radictils  actitij;  as  catidysls  to  hritit;  ahout  the  deposit ioti.  Without  tlu' 
catalvsis,  it  has  been  su(i('ested  (Heleretice  12)  that  an  itisolithle  liltn  ol Chromiutn  idiromate. 
rrtOilK’rO,  (ortns  on  the  <alhode.  A lilm  ol  this  type  is  consith’red  to  prevent  the  deposition  ol 
chroitiium,  atifl  the  addition  o|  a catalyst  is  believed  to  modily  the  I'iltn  allowing  elect rodeposi 
tion.  'I'ypically.  sullates  and  more  recently  lluorides  llretiuently  in  tin-  lorm  ol  a complex  fluoride 
such  as  SiF,  hexanu<irosili<-ale)  are  used  as  catalysts.  'J'he  ratio  of  chromic  acid  to  catalysts  is 
Uenerally  maintainerl  at  ahout  1IKI:1.  Self  renulatinu  chromiutn  plat itiu  solut  ions  were  ititroduced 
to  eliminate  the  need  for  maintainint'  the  correct  cfitalyst  coni-eniration  by  periodic  analysis. 


I 'snallv,  Ihfv  depend  on  itu'  addition  ol  a sparingly  solulile  snllale  to  the  hath  whi(  h Mifiplies  tin- 
correet  amount  ol  SO,  ‘ automatically.  Sell-rei'ulatint'  haths  ari’  >;t-nerally  used  throiuihoiit 
industry  so  they  were  used  in  this  work  except  where  other  l ataKst  and  ( atalyst  com  ent rat  ion 
ellects  were  heinj:  studied. 

While  the  current  elficiency  in  chromium  plating  haths  is  low,  usually  10  to  20'.,  a fairly 
high  rate  of  deposition  is  obtained  owingtothe  relatively  high  current  densities  used.  Voltagesare 
generally  higher  than  other  electroplating  processes  which,  together  with  the  higher  current 
densities,  would  seem  a disadvantage.  These  factors  have  not,  however,  seriously  hindered  the 
widespread  use  of  chromium  plating. 

( hromium  plating  baths  have  a relatively  poor  throwing  power  (covering  ahilitv). 
Regardless,  remarkably  good  results  have  been  achieved  even  in  the  plating  of  irregular  shapes 
when  the  process  is  carefully  controlled  and  auxiliary  anodes  and  thieves  are  used  in  accordance 
with  well-known  principles. 

Insoluble  lead-tin  anodes  were  used  in  all  our  plating  studies.  'I’he  film  of  lead  peroxide 
which  forms  on  these  anodes  during  use  causes  any  trivalent  chromium  formed  on  the  cathode  to 
lie  reoxidized  continuously  to  chromic  acid,  thereby  maintaining  its  concentration  at  a low  value 
Pure  lead  can  he  used  as  an  anode  material  but  it  will  be  attacked  by  the  solution  and  cause  the 
formation  of  excessive  amounts  of  a lead  chromate  sludge.  Lead-tin  alloys  have  the  best  corrosion 
resistance  so  are  recommended  as  the  best  available  material  for  both  anodes  and  heating  coils. 

Coating  Deposition  Parameters 

Surface  Preparation 

Several  preparations  were  considered  as  surface  pretreal ments  to  the  plating  proiess 
Ideally,  this  surface  should  be  clean,  free  of  interface  contamination  and  activated  .so  that  an 
elect rodeposit  will  adhere  without  further  treatment.  I'nforlunately,  titanium  is  not  easily 
activated  because  of  its  rapidly  forming  oxides.  Previous  in-house  studies  and  test  results 
reported  later  on  Table  I't  have  demonstrated  that  suitable  adhesion  l annot  he  obtained  wit  bout 
a flitfusion  treatment  after  plating.  The  most  sophisticated  treatments,  such  as  cotuersion  ol  the 
surface  to  hydrides,  or  complexing  the  surface  with  tartrates  to  minimize  oxide  formation,  have 
not  resulted  in  bond  strengths  above  .'i.'i.2  MN/m*  (8  ksi).  Treatments  such  as  abrading  while 
plating  or  inert  atmosphere  plating  do  not  significantly  improve  the  results.  For  these  reasons,  the 
intent  of  our  surface  preparation  studies  was  to  find  a method  priKlucing  a contaminant -free 
surface  which  would  not  passivate  during  plating.  The  adhesion  of  as-plated  deposit  luid  to  be 
sufficient  to  hold  the  plate  on  during  normal  handling  and  until  a subsequent  diffusion  cycle 
could  he  [terforrned  to  metallurgically  bond  the  coating  to  the  substrate. 

Generally,  plating  over  a vapor  bla.sted  surface  worked  satisfactorily,  but  the  surface  had  to 
be  kept  wet  between  vapor  blasting  and  plating  and  occasionally,  for  no  apparent  reason, 
localized  passivation  prevented  deposition.  (Irit  blasting  with  from  80  to  240  grit  silicon  carbide 
prior  to  plating  resulted  in  excellent  adhesion  of  the  chromium-molybdenum  electrodeposits.  The 
problem  with  this  pretreatment  was  that  abrasive  particles  imbedded  themselves  into  the 
titanium  surface  resulting  in  excessive  interface  contamination.  These  abrasive  particles  would 
not  only  interfere  with  any  subsequent  diffusion  treatment,  but  al.so  reduce  the  life  of  the  coating 
during  wear  testing. 

Ultimately,  the  best  .solution  to  providing  consistently  satisfactory  surfaces  involved  vapor 
blasting  with  Novaculite  2(M)  (aluminum  oxide)  abrasive  at  O.Urr-O.T  MN/m*  (frO  to  KXI  psig) 
pressure  followed  by  a chromium  conversion  coating.  The  conversion  coating  was  applied  by 
immersing  the  titanium  parts  into  a solution  containing  hydrolluoric  acid  and  sodium  chromate. 


() 


Scanning;  electron  microscope  examination  ol  the  snri.ices  alter  each  step  it)  the  process  atiii  the 
results  of  hyHroiren  iinalysis  are  showti  in  Kinure  2.  Microprohe  jinalysis  conlirmcfl  the  presetuc 
ol  chromium  on  t he  surfaces  alter  tretit  nient  in  t he  acid  chrottiate  solut  ion.  'I'he  hydrogen  anaK  sis 
results  cotilirmed  that  less  th.in  KK)  ppm  increttse  iti  hydrogen  content  wil.•^  caused  h>  this 
comhinatioti  ol  treatmetits. 


Mag:  2000X 


Vapor  Bi'Stsi  HF/Cr04  Etched  Cr-Mo  Plated 

H2  - 80  ppm  H2  - 108  ppm  H2  - 176  ppm 


1600F  - 1 hr  Baked  Glass  Bead  Peened 

H2  - 7 ppm  H2  - 7 ppm 


Ki  I n I o< 

Finure  2.  Ti  HAl-lMo-lV  Surface  Appearance  After  Each  l*rocessing  Step 
Plating  Conditions 

This  part  of  the  invest ifjal ion  was  conducted  to  estahlish  conditions  required  for  hoth 
maintaining;  a reasonable  cathode  elficiency  and  providint;  controlled  quantities  ol  moKhdenum 
in  the  deposits.  Most  ol  the  work  was  done  in  standard,  sell-re^nilat inf;,  chromium  platiny'  baths 
into  which  molyhdenutn  was  added  as  molyhdic  acid,  anodicallv  dissoK't'd  inolvhdtmun). 
ammotiium  molybdate,  or  sodium  molybdate.  'I'ypical  baths  consisted  or:i(H)f;/|  seir-ret;ulat in>; 
chromic  acifi  containinf;  various  amounts  of  the  molybdenuni  iti  solution.  Trivalent  chromiutn 
contents  did  not  exceed  2 f;/l  and  were  maintained  at  these  low  values  by  usitif;  laryn-  atiode  to 
cathode  ratios.  Samples  were  prepared  and  plated  at  the  specified  temperature,  current  densitv 
and  conditions  for  that  test.  Durinf;  plaliiif;.  the  temperatures  were  maintained  within  t2''('. 
After  platinf;.  the  samples  were  rinsed  and  dried.  VVeifthts  before  and  after  platim;  were  used 
to»;ether  with  total  ampere-minutes  duriiif;  platinf;  to  calculate  the  cathode  efficiency. 
Microprohe  analysis  was  used  for  (piantitative  atialysis  of  the  molyhdenutn  in  the  deposits. 

Molyhdic  Acid 

Varvinf;  amounts  of  molyhdic  acid  ranffinn  from  20  to  122.7  g/1  were  added  to  a .self- 
reKulatinf:  chromium  plating  hath  containing  .'l(K)  g/1  chromic  acid.  Molybdenum  started 
<-ode|K)siting  with  the  chromium  with  only  20  g/1  added.  The  amount  in  the  deposit  increased 
slowly  up  to  0.6' ( with  about  HO  g/1  molyhdic  acid  in  solution,  liaising  the  concentration  in 


solution  to  about  1(X)  g/1  increased  the  molybdenum  in  the  electrodeposit  to  greater  than  2‘’r  but 
there  was  a corresponding  reduction  in  the  cathode  efficiency.  Table  2 provides  a summary  of 
these  results  and  P'igure  3 depicts  the  results  graphically.  In  that  figure,  the  molybdenum 
concentration  in  solution  is  expressed  in  g/1  molybdenum  rather  than  molybdic  add.  This  method 
compares  the  different  methods  of  dissolving  molybdenum  since  each  figure  has  molybdenum 
expressed  in  the  same  units  along  the  “x”  axis.  Substantial  amounts  of  molybdenum  could  not 
be  deposited  with  a reasonable  cathode  efficiency  with  molybdic  acid  and  further  study  was  not 
warranted.  These  results  compared  favorably  with  other  investigations  (Reference  17)  conducted 
using  molybdic  acid  (MoO,)  additions  in  a more  dilute  chromic  acid  plating  hath. 

TABLE  2.  CHROMIUM-MOLYBDENUM  PLATING  USING  MOLYBDIC 
ACID  IN  SOLUTION 

Plating  Solution:  3(X)  g/1  Self-regulating  Chromic  Acid 
Temperature:  46°C  (115°F) 

Current  Density:  47  ASD  (3  ASI) 

Time:  30  Minutes 


Sample 

Sumber 

Solution  Composition, 
ill  MoO^ 

Plating 
Voltage.  V 

Cathode  Efficiency, 

% 

Compotition  of  Deposit. 

Mo 

13.T 

20 

.3 

21.3 

0.2 

1.34 

40.9 

5.6 

18.6 

0.3 

1.3.3 

61.4 

5.4 

17.6 

0.3 

1.36 

81.8 

5.4 

17.2 

0.6 

1.37 

102.3 

5.6 

2.0 

2.1 

138 

5.6 

0.4 

Figure  3.  Influence  of  Molybdic  Acid  on  Chromium-Molybdenum 
Plate 


.■\iindu  (ill\  Disxoli'vd  Molybdenum 
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I’hi'  earliest  work  ciiscussiiif;  deposit  ion  ol  ehromiiim  inolybdemim  alloys  used  aiiodiealK 
dissolved  molyluiemiin  as  its  additive  (Helerenee  1H(.  In  ourstudy,  no  molyhdemiin  was  oliser\cd 
m the  elect rode|)osit  until  a little  over  20  g/1  molybdenum  was  dissolved  in  the  chromic  acid 
platint;  solution.  As  with  the  molylKlic  acid,  the  percent  molyhclenum  increased  as  the 
molvhclenum  content  ol'the  solution  increased,  hut  cathode  efliciencies  decreitsed.  'I'iihle  It  and 
Kitture  I summari/e  these  results.  Deposits  lormed  Irom  plating  baths  contiiinint'  tinodicallv 
dissolved  molvhclenum  did  not  show  sittnilicant  promise  relative  toother  solutions  evaluatc-d 

l AHLK  ;i.  CHROMIUM-MOLYBDK.MIM  FLATIN(;  DSINCJ  ANODK’AL- 
LY  DISSOLVED  MOLYBDENl'M  IN  SOLITION 

i’lating  Solution:  .'I(K)  g/1  Self-repulatinK  ('hromic  Acid 
Temperature:  47°('  (117°F) 

(’urrent  Density:  47  ASD  (.‘I  ASI) 

Time:  30  Minutes 


Samph 

Sumhvf 

.S';«'ufion  Composition, 
g/l  Moly  bdenum 

Voltage, 

V 

Cathode  Efficiency, 

’a 

Composition  of  Deposit 

‘t  Mo 

tiS 

0 

4 8 

19.0 

0 

6 7 

4.8 

20.7 

0 

70 

i:t.:t 

4.8 

19.9 

0 

71 

27.5 

4.4 

14.9 

0 

72 

4t  4 

4 .5 

14.8 

0.2 

7:t 

.5.52 

4 8 

6.0 

0.5 

74 

68.8 

4.8 

0 

Molybdenum,  g/1 


Hi  ouiit 


h'iuure  4.  Influence  of  Anodically  Dissolved  Molybdenum  on 
Chromium  Molybdenum  Plate 
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Addition  of  sodium  molybdate  to  self-regulating,  :UX)  g/1,  chromic  acid  plating  solutions, 
resulted  in  the  deposition  of  chromium-molybdenum  alloys  (Figure  ft  and  Table  4).  As  ex|>ected, 
increasing  concentrations  of  molybdenum  in  solution  increased  the  amount  in  the  deposit. 
Unfortunately,  the  cathode  efficiency  decreased  faster  with  sodium  molybdate  additions  than  it 
did  with  any  other  way  of  putting  molybdenum  in  the  plating  solution.  By  the  time  40  g/1  of 
molybdenum  was  added,  the  cathode  efficiency  had  dropped  to  zero.  This  method  was  therefore 
not  considered  further. 


Molybdenum,  g/1  As  Sodium  Molybdate 

Kl>  III40II 

Figure  .5.  Influence  of  Sodium  Molybdate  on  Chromium-Molyb- 
denum Plating 

I'AHLK  4 CHROMIUM-MOLYBDENUM  PLATING  US- 
ING SODIUM  MOLYBDATE  IN  SOLUTION 

Plating  Solution:  .‘KX)  g/1  Self-regulating  Chromic  Acid 
Temperature:  49°C  (12()°h') 

(’urrent  Density:  47  ASD  (3  ASI) 

Time:  30  Minutes 


Sample  Sttlution  ('omponition.  Cathode  Cttmposition  of  Depitsit, 
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Ammonium  Mohhdatv 


Above  2‘>  ammonium  molybdate,  corresponding  to  about  12  g/l  molybdenum,  in  .'l(X)  fj\ 
sell-re^ulatmK  chromic  acid,  molybdenum-containing  deposits  were  obtained.  At  75  g/1,  I'V 
molybdenum  deposits  were  consistently  obtained  with  cathode  efficiencies  still  12  to  13'i . Higher 
concentrations  in  solution  reduced  cathcKle  efficiencies  below  practical  levels,  but  did  further 
increa.se  the  amount  of  molybdenum  in  deposits.  Table  5 and  Figure  6 summarize  these  results. 
It  was  learned  that  the  best  results  were  obtained  with  solutions  containing  75  g/1  ammonium 
molybdate.  Larger  amounts  decreased  the  cathode  efficiency  and  resulted  in  nonuniform 
appearances.  Interestingly,  at  these  concentrations  the  deposits  obtained  showed  significantly 
fewer  cracks  than  conventional  chromium  plate  (Figure  7).  This  would  explain  the  refxirted 
improved  corrosion  resistance. 

Chromic  Acid 

The  concentration  of  chromic  acid  used  in  conventional  chromium  plating  ranges  tfoni  1.50 
to  500  g/1.  If  the  trivalent  chromium  content  exceeds  10  g/1  a gray  nodular  deposit  is  formed. 
Privalent  chromium  alone  cannot  be  used  to  deposit  chromium  from  aipieous  solut  ions.  Our  own 
evaluation  of  tetrachromate  plating  baths  (Reference  19)  for  de|)ositing  chromoim  tn<»lvbdenurn 
alloys  were  completely  unsuccessful. 

('omparing  the  effects  of  chromic  acid  concentration  from  self-regulating  salt  additions,  the 
range  of  3(X)  to  4(X)  g/1  seems  acceptable  from  both  the  cathode  efficiency  and  deposit  composition 
as  shown  in  Table  H.  All  these  solutions  were  made  with  75  g/1  ammonium  molybdate.  The 
molybdenum  content  of  the  deposit  increased  by  either  increasing  or  decreasing  the  chromic  acid 
concentration,  but  the  cathode  efficiency  also  decrea.sed. 

Sulfuric  Acid 

The  electrodeposition  of  chromium  from  chromic  acid  takes  place  only  in  the  presence  of  a 
catalyst.  The  most  common  of  these,  the  sulfate  ion,  was  used  in  this  study.  Our  investigations 
with  tluoride  and  complex  fluoride  catalysts  showed  them  not  as  suitable  as  sulfate  for  depositing 
chromium -molybdenum  alloys. 

TAHLK  5.  ( HROMIl  M-MOLYBI)KNUM  PLATING  USING  AMMONIUM 
MOLYBDATE  IN  SOLUTION 

F’lating  Solution:  3(X)  g/1  Self-regulating  Chromic  Acid 
Temperature:  49°C  (120°F) 

('urrent  Density:  47  ASD  (3  ASI) 


Sample 
Sum  her 

No/iihon  Compoaitton,  Plating  Voltage, 

g/l  Ammonium  Molybdate  V 

Cathode  Efficiency, 

Co,7ipo3ition  of 
Deposit,  % Mo 

:\H 

12.S 

5 

20.4 

0 

:m 

12.5 

5 

20.7 

0 

40 

25.0 

5 

24.4 

0 

41 

5 

17.6 

0.4 

42 

Trj.o 

5 

12.8 

0.8 

4:l 

75.0 

5 

12.7 

1.0 

44 

125.0 

6 

1.2 

2.1 

n 


Ftfiurv  H Influvnce  iif  Ammonium  Molybdate  on  Chromium  -Molyb- 
denum Plalinn 


Conventional  Chromium 
Note  Numerous  Microcracks 


Chromium  1.0%  Molybdenum 


H)  ni<i2 


Figure  7 Scanning  Electron  Microscope  Views  at  l()(X)X  of  As-Electroplated 
Chromium  and  Chromium-Molybdenum  Deposits 
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rAHl.K  (i.  KKKKC'I  S OK  CHKOMK'  AHl)  ('ON('KNTKATlON  ON 
CA'I'HODK  F,FFI('IKN('Y  AND  DKPOSIT  ('OMPOSI 
riON 


I’latitif;  Sdlutinn:  7r>  g/1  Ammonium  Molyl)date 
Temperature:  49°C  (12()°F) 

Current  Density:  47  ASD  (H  ASI) 
Voltage:  EiV 


Samplt' 
Su  m her 

i'hmmic  Acid  ('oncentration, 
g/1 

Cathode  Efficiency 

Composition  of  Deposit. 
Mo 

47 

M) 

4.3 

1.3 

4M 

:m 

13.6 

1.0 

4H 

44MI 

14.2 

11 

'>() 

450 

2., 3 

1.7 

Til 

1.2 

0 

( 'ont rolled  concentrations  of  sulfate  ion  were  added  stepwise  to  a solution  made  up  with  liOO 
g 1 chromic  acid  (Reagent  grade)  and  75  g/1  ammonium  molybdate.  The  results  are  shown  on 
Tahle  7 and  Figure  H.  Increasing  sidfate  concentration  decreased  the  molybdenum  content  of  the 
deispMts.  This  was  not  unexpected  since  the  cathode  efficiency  increased,  and  every  time  in  the 
past  when  the  cathiKle  efficiency  increa.sed,  the  percent  molybdenum  decreased.  For  successful 
operation,  the  concentration  of  catalyst  must  be  kept  low. 

( urn’nt  Ih-nxity 

t sing  the  solution  that  appeared  most  suitable  and  containing  dOO  g/1  self-regulating 
( hnanic  acid  and  75  g/1  ammonium  molybdate,  the  effects  of  current  density  were  determined. 
Figure  9 and  Tahle  H summarize  the  results.  Reasonable  cathode  efficiencies  with  little  difference 
m the  amount  of  molybdenum  in  the  deposit  was  observed  over  the  range  of . 'll  to  109  ASD  (2  to 
7 .-\.S1 ).  At  15.5  ASD  ( 1 ASI),  the  cathode  efficiency  was  lower,  resulting  in  higher  molybdenum 
content  in  the  de|)osit  and  between  .'11  to  109  ASD,  there  seemed  to  he  a slight  trend  to  increase 
molvlxlenum  in  deposits  as  the  current  density  increased. 

Hull  cell  tests  were  aJso  conducted  on  the  I'l  molydenum  electroplate.  Results  indicate 
satisfactory  plating  can  be  obtained  over  the  range  of  llASD  (0.7ASI)  to  B2ASD  (4ASI). 

Tcmprrature 

Varving  the  temperature  between  10  and  70°('  was  shown  to  influence  both  the  cathode 
efficiency  and  the  molybdenum  content  of  the  deposit.  Maximum  cathode  efficiency  (Kcurred  at 
about  0°C.  Figure  10  and  Table  9 summarize  these  results.  Although  a slight  dip  in  the 
nnilybdenum  content  (K-curred  at  maximum  cathode  efficiency,  the  general  trend  was  for  the 
molybdenum  content  to  decrease  as  the  temperature  increased.  In  fact,  for  the  first  time,  as  the 
<ath(»de  efficiency  dropped,  so  did  the  molybdenum  content.  This  occurred  over  the  range  of 
temperature  from  10  to  .5()°C.  'Phis  phenomenon  is  explained  if  we  remember  the  plating  Itath 
contains  .self-regulating  salts  which  no  doubt  increase  in  .solubility  as  the  lem|H'rature  increases. 
This,  in  effect,  increases  the  sulfate  concentration  which,  in  turn,  decreases  the  molybdenum  in 
the  dejaisit  as  shown  in  Figure  H.  The  cathode  efficiency  drop|H-d  to  zero  as  the  tem|H-rature 
increased  to  70“C. 


l AHLK  7.  KFKH:(TS  OF  SULFATF:  ('ATALYSIS  on  (’A'mOI)K  KFFiriKN- 
('Y  AND  nF:j>osrr  roMFosmoN 

FMating  Solution:  3(K)  g/1  ('hromic  Acid 
75  g/1  Ammonium  Molybdate 
(’urrent  Density:  47  ASD  (5  ASI) 

Temperature:  49°C  (12()°F) 


SampU' 
\u  m hvr 

Sulfuric  Acid  Concentratiun. 
ml/l 

Voltofie, 

V 

Cathode  Efficiency, 

'r 

CompoHition  of  Deposit. 
'f  Mo 

H4 

1) 

4.6 

0 

I2H 

0.5 

5.0 

l.H 

i.:i 

127 

0 75 

5.0 

14.2 

0.6 

12H 

1 0 

5.0 

14.7 

0.5 

12^» 

1 25 

4.H 

16.1 

0.:i 

\M\ 

15 

4.H 

15.8 

o.:i 

Ml 

1.75 

4.H 

17.1 

0.2 

M2 

2 0 

4.H 

19.2 

0.1 

91 

:i « 

4.6 

14.5 

o.;t 

9;i 

« 

4.4 

.1.1 

0 

% Cathode  Efficiency 


Ftnitrv  9 Efft'ct  of  Current  Density  on  Cathode  Efficiency  and 
Miil\  bdenurn  in  Deposits 


'l'AMI,K  H KFFHr'r  OF  (TKRKN’r  OHNSI  TY  ON  (’ATHOOE 
EFFI('IKN('Y  AND  DEPOSIT  COMPOSITION 

Platint!  Solution;  :UX)  g/1  Self-Ref;ulatinK  ('hromic  Acid 
"h  g/1  Ammonium  Molybdate 
Temperature:  47°('  (117°F) 


Sample 
Sum  her 

Current  Density,  ('athode  Kffieiencw 
ASD  (ASD  C ' 

CompoHitum  of  Deposit. 
'7  Mo 

*’}] 

Hi  ( 1 II) 

7.0 

2.e 

ill  IL'III 

i:i,2 

I.O 

r.7 

47  IM.II) 

i;u) 

0.8 

r.i* 

14  0) 

la.o 

1.0 

7M  Cl  111 

III  9 

14 

*>2 

Mill) 

10.7 

1.;) 

(it 

109  (7.1)1 

9.9 

1.6 

ir> 


30 


.Samp/*’ 

\umhfr 

Tempvrature. 

rF) 

Voltage. 

V 

Cathode  Efficiencv. 
<•; 

i'ompuHttion  of  l)ep<tsit. 

\ Mo 

1«7 

10  ( ,'iO) 

5.4 

24.6 

\ 1 

l(iH 

10  ( MO 

5.;i 

Zt.l 

17 

1H9 

27  ( mo 

5.0 

15.2 

0 9 

170 

KO  (IMO 

4 6 

0.1 

171 

H 1 IHl 

6.4 

18.:i 

1 2 

172 

0 ( :i2i 

5.6 

27  0 

0 H 

17r. 

27  1 mo 

5.2 

•20.6 

1 1 

177 

27  ( mo 

5 1 

17.7 

(1  9 

42 

W (1210 

5.0 

126 

Amu  ln>r  liu'tiir  which  InH  anu-  evident  from  t hese  st  udies  is  I he  etiect  teniperat  ure  has  on  i he 
adhesion  and  passivation  ol  the  titiininm  siirlaee.  At  temfierat tires  ol  1()°C  the  deposits  were 
(list nu  t Iv  Kru.'  - while  above  4‘)°('  local  [lassivation  ol  the  surlace,  llakinK  ol  the  dejiosits  or  dark 
areas  on  the  surlace  resulted.  From  this  and  practical  considertilion  of  operating  helow  room 
temperature,  the  preferred  operating  range  of  .k")  to  40°(’  was  estahlished. 

Altrrnatinn  ('urrvnt 

I'o  find  ways  to  increase  t he  concent  ration  of  molybdenum  in  the  deposits,  various  cycles  of 
current  reversal  and  on-off  cycling  were  evaluated  using  a periodic  reverstr. 

When  current  reversing  is  used,  the  anodic  dis.solution  occurs  at  close  to  1(X)'V  efficiency,  so 
the  anodic  times  had  to  he  limited  to  no  more  than  lO'i  of  the  cathodic  times.  Some  deposits  were 
obtained  using  this  system  and  the  amount  of  molybdenum  increased  by  about  i as  compared 
to  the  uninterrupted  DC  plated  samples.  It  tixik  much  longer  to  obtain  sufficient  deposits  and 
this  small  increase  in  molybdenum  content  was  not  worth  the  longer  times  required  to  get  the 
coatings.  Larger  increases  without  the  longer  times  were  possible  using  other  methods. 

.A  variation  of  current  reversal  using  on-off  cycling  had  more  positive  results  and  increases 
were  generally  on  the  order  of  I'  r by  simply  pulsing  the  current  in  0.,5  to  1 second  intervals.  Using 
this  technique  in  conjunction  with  an  increased  molybdenum  content  in  the  plating  bath  O.'i  g/1), 
deposits  were  obtained  containing  approximately  3'(  molybdenum.  Cathode  efficiencies  of 
atiproximately  10' < were  maintained  with  this  system. 

The  structure  of  deposits  obtained  with  either  alternating  current  or  on-off  current  were  fine 
grained  and  crack-free  in  appearance.  These  should  therefore  exhibit  improved  corrosion 
resistance  as  shown  in  Figure  11. 


Chromium  1.5%  Molybdenum 
Produced  by  Cycling  Current 
On  and  Off 


Chromium  1,5%  Molybdenum 
Produced  by  Periodic  Reversing 
Current 

H'  111411 


Figure  / /.  Scanning  Electron  Microscope  Views  at  KHHtX  of  As-Electroplated 
Chromium-Molybdenum  Deposits 
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Hydrogen  lockup 

Titanium  alloys  are  severely  embrittled  by  hydrogen  absorption.  Whenever  exposed  to  a 
hydrogen-containing  environment,  they  absorb  hydrogen.  During  cathodic  treatment  in  a 
chromic  acid  bath,  approximately  90'c  of  the  total  current  is  being  used  for  generation  of 
hydrogen.  This  part  of  the  program  was  conducted  to  determine  the  extent  of  hydrogen  pickup 
caused  by  the  plating  operation.  As  shown  previously  in  Figure  2,  the  hydrogen  content  increased 
by  28  ppm  after  the  conversion  coating  and  by  68  ppm  after  plating.  Apparently,  the  initial 
chromium-molybdenum  surface  layers  retarded  excessive  absorption.  After  a diffusion  heat  treat, 
the  hydrogen  content  is  expected  to  significantly  drop,  but  to  minimize  the  possibility  of  damage 
between  plating  and  diffusion,  it  is  important  that  such  contamination  be  limited.  Subsequent 
analyses  of  similarly  plated  specimens  made  from  either  Ti  6A1-4V  or  Ti  8A1-1  V-lMo  confirmed 
the  hydrogen  pickup  occurring  during  plating  is  about  70  ppm,  regardless  of  the  titanium  alloy. 

Plating  of  stressed  specimens  loaded  similar  to  the  stress  corrosion  specimens  discussed  in 
a latter  section  of  this  report  also  confirmed  that  minimal  hydrogen  absorption  takes  place.  After 
plating  specimens  with  surface  stresses  above  689.5  MN/m'  (100  ksi),  no  evidence  of  cracking  of 
the  Ti  8AI-IV-IM0  substrate  could  be  detected  either  as  plated  or  after  removing  from  the 
constraining  device  and  inspecting  with  fluorescent  penetrants  and  chemical  polishing  as 
described  in  Reference  43. 

Diffusion 

Since  both  wear  and  corrosion  occur  as  surface  reactions,  any  type  of  protective  coating 
must  involve  a change  in  the  titanium  alloy  surface  composition.  The  addition  of  both  chromium 
and  molybdenum  to  the  surfaces  form.s  an  outer  “.skin"  which  provides  a barrier  between  the 
titanium  alloy  and  the  surrounding  environment. 

It  is  possible  to  improve  the  adhesion  of  this  coating  by  modifying  the  chemical  composition 
of  the  titanium  surface  when  the  separate  materials  are  diffused  together  by  a suitable  heat  treat. 
This  “surface  alloying”  modifies  the  chromium-molybdenum  overlay  so  that  it  becomes  an 
integral  part  of  the  titanium  alloy  component.  The  resulting  dimensional  change  is  less  than  the 
measured  coating  thickness,  since  at  least  part  of  the  coating  is  made  up  of  a diffused  layer.  The 
layer  is  easily  seen  by  cross-sectional  examination  after  etching  with  a Krolls  solution  composed 
of  nitric  and  hydrofluoric  acids.  Microprobe  analysis  provides  a better  evaluation  of  actual 
diffusion  depth  of  the  alloying  constituents  into  each  other. 

Mechanism  of  Coating  Formation  by  Diffusion 

Diffusion  is  a process  whereby  the  distribution  of  each  component  in  a phase  tends  to 
uniformity. 

To  reach  a condition  of  equilibrium,  tbe  atoms  must  acquire  sufficient  energy  to  permit 
tbeir  displacement  at  an  appreciable  rate.  The  energy  required  to  produce  this  displacement  of 
chromium  and  molybdenum  into  titanium  is  provided  by  a rise  in  temperature  of  over  75()°C. 

Interdiffusion  of  chromium  and  titanium  is  generally  accepted  as  being  due  to  the  motion 
of  vacant  sites  within  the  lattice,  solvent  and  solute  atoms  moving  as  the  vacant  sites  migrate. 
The  diffusion  process  is  then  dependent  on  the  state  of  imperfection  of  both  the  titanium  alloy 
and  the  surface  alloy  being  formed. 


I'lik's  c(|\iai lulls  cxpruss  the  dc)>ih  ul  dittnsion  as  a tiim-liun  ul  lime  and  ran  lir  dcscrilK'd 
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\'  ■)  kl)l  ( 1) 

where  \ is  tlie  depth  u|  ditlusiun.  k is  a eunstani  delerniined  hv  the  rlironiiimi  euiH  enl  rat  ion  at 
the  'Urtare,  II  is  the  ditlusiun  euellirient,  and  t is  the  time. 

The  dittiisiun  euellirient  varies  with  temperature  arrurditift  to  the  Arrheniusts  pe  e()ualiun: 

I)  Du  exp  I (^'KTl  (J) 

where  T is  the  ahsulute  temperature.  K is  the  nas  euiistant , the  energy  ul  aetivaliun  and  Du  the 
dilliisiun  larlur. 

Kxpi'rimrntath  Dcttrmincd  Diffusion  Coefficients 

Dillusiun  ruellirienls  lur  rhrumium  Irum  an  eleetrudepusiled  alloy  runlaininy  1'. 
inulvlidenum  into  ihree  dillerenl  litiinium  alloys  were  determined  experimentally.  The  value  ul 
k in  eipiation  ID  was  assumed  eipial  to  one.  'I'hese  results  are  summarized  on  I'ahle  It)  and 
tvpiial  mirroprohe  iihotonraiihs  ol  cross  sections  used  to  measure  dillusiun  depths  are  shown  in 
I'p'iires  12  thruu^'h  M.  The  microprohe  traces  show  the  amount  ol  chromium  in  the  metal.  The 
greater  the  separation  in  the  two  white  lines,  the  greater  the  amount  oh  chromium  in  the  metal 
at  t he  locat  ion  ol  the  line.  I Mot  ting  t he  logarithm  oh  D as  a lunction  olt  he  reciprocal  tetnperature. 
as  shown  in  Figures  l.'i  through  IT,  gives  the  expected  straight  line  relationship  Irom  which 
activation  energies  lor  dillusiun  can  he  calculated  from  the  slopes  ol  the  lines  Ti  Mil  had  the 
highest  activation  energy  (T.o.l  kcall  while  'I’i  had  the  lowest  147.2  kcal).  The  IT  <i-l  has  an 
activation  energy  lor  dillusion  between  the  two  of  kcal.  My  comhining  equations  ( 1 1 and  (2) 
and  using  the  experimentally  determined  constants,  the  depth  ol  dillusion  lan  he  caliulated  lor 
an\  given  temperature/lime  combination  for  each  of  the  three  titanium  alloys  h\  using  the 
lormiila: 

X I I t Do  exp  I (i/KT)  I'  ^ ( .Ti 

where  .\  is  the  dillusion  depth  in  cm,  t is  the  diffusion  time  in  seconds,  K is  the  gas  coii'-tant. 
I !)M  cal'K  mole.  T is  the  dillusion  temperature,  and  Do  and  are  dependent  on  the  alloys  as 

lollows: 


lor  Ti  ti-t)-2 

47,2IH) 

Do  II, till) 

lor  'IT  li-4 

ii  .W.fitM) 

Do  1.T4 

and  lor  Ti  Mil 

T.T.KH) 

Do  7.02  X IIP 

These  numbers  are  all  ha.sed  on  a least  squares  fit  of  the  data  generated  in  this  study. 
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Laser  Diffusion 

Any  bulk  diffusion  heal  treatment  of  titanium  alloys  in  a finish  machined  form  and  above 
can  cause  distortion.  Treatment  of  coated  alloys  at  temperatures  above  this  [joint  must, 
therefore,  be  done  carefully,  and  may  require  some  type  of  restraining  device  to  maintain 
dimensions.  This  part  of  the  investigation  was  undertaken  to  determine  if  la.ser  heating  can  be 
used  to  diffuse  the  coating  into  the  titanium  without  heating  the  bulk  of  the  alloy.  Such 
treatment  results  in  diffusion  without  distortion.  This  type  of  treatment  has  l>een  used  to  harden 
steel  surfaces  by  h>cali7,ed  melting.  The  rapidly  quenched  surface  layers  reportedly  possess  unique 
pro|)erties  not  otherwise  attainable,  due  to  the  rapid  cooling  rates  after  laser  exposure  (Reference 
41) 


A 250  watt  ('(),  laser  was  used  to  irradiate  chromium-molybdenum  plated  Ti-6A1-4V'  alloy. 
In  one  instance  the  as-plated  alloy  was  used,  while  in  another  instance  black-nickel  was  used  over 
the  chromium-molybdenum  coating  to  enhance  energy  coupling. 


TAHIT:  10.  DIFFUSION  RATK  DATA 
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Figure  17.  Arrhenius  Plot  for  Diffusion  of  Chromium  Into  Ti  SAl-IMo-lV 

A matrix  including  several  intensity/time  combinations  was  evaluated  on  each  of  these 
alloys.  The  matrix  and  results  are  presented  in  Figures  18  and  19.  Very  little  coupling  of  energy 
occurred  on  the  chromium-molybdenum  coated  .samples;  however,  the  black-nickel  did  absorb 
the  radiation  and  produced  diffusion.  Cross  sections  of  the  chromium-molybdenum  plated 
sample  showed  no  evidence  of  diffusion,  even  in  the  case  of  the  highest  power  densities. 
.Vletallographic  examination  of  the  black-nickel  coated  samples  will  be  completed  in  Phase  II  of 
this  program. 

Sputtered  Coetinge 

High-rate  triode  sputtering  was  investigated  as  an  alternate  means  of  depositing  chromium- 
molybdenum  alloys.  Sputtering  has  the  advantage  of  depositing  high  molybdenum  containing 
alloys.  With  plating,  the  upper  limit  of  molybdenum  attainable  is  about  3 wt  The  purpose  of 
this  investigation  was  to  demonstrate  that  high  molybdenum  containing  compositions  can  be 
deposited  by  sputtering  and  how  deposition  parameters  affect  structure.  Two  alloys  were 
deposited  by  sputtering:  a 9.5'’c  Cr-59r  Mo  alloy  and  a 90‘f  Cr-lOO;  Mo  alloy. 

exp»rlm»ntal  Procedun 

Specimens  (substrates)  of  Ti-6A1-4V  alloy  were  coated  in  a two-target  coater  operated  in  the 
triode  mode.  The  orientation  of  targets  and  substrate  is  shown  in  Figure  20.  The  substrates  were 
rotated  at  1/3  rpm.  The  targets  were  cast  95%  Cr-5%  Mo  and  90%  Cr-10%  Mo  alloys  which  were 
machined  to  7.3  X 10.8  cm  (2’n  by  4*4  inches).  Ground  potential  shields  limited  sputtering  to  a 
6.7  X 9.2  cm  (2’s  by  .I'^s-inch)  area  of  each  target.  The  sputtering  chamber  was  pumped  with 
a liquid  nitrogen  trapped  10.2  cm  (4-inch)  diffusion  pump. 
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Figure  19.  Effect  of  Laser  Diffusion  Treatment  on  Black-Nickel  Coated  Chromium-Molybdenum  Coated  Titanium  Alloy 


(Top  View) 


Figure  20  Schematic  Coaler  (Some  Ground  Potential  Shields  Not  Shown  for  Clarity) 

Prior  to  insertion  in  the  coater,  all  substrates  were  vapor  blasted,  scrubbed  with  scouring 
[xiwder  and  rinsed  with  ethyl  alcohol.  Final  cleaning  in  the  system  consisted  of  the  following 
outgassing  and  sputter  etching  routine: 

1.  Radiation  from  the  tungsten  filaments  was  used  to  heat  the  substrate  and 
other  uncooled  chamber  parts.  Heating  was  continued  until  chamber 
pressure  was  4X10  ’ torr  or  lower.  The  substrate  temperature  was  estimated 
at  538°C  (1000°F).* 

2.  The  chamber  was  then  backfilled  to  3xl0‘*  torr  with  research  grade  krypton. 

A gas  flow  was  maintained  at  this  pressure  by  throttling  the  diffusion  pump 
and  regulating  gas  input  to  the  system  with  a leak  valve. 

3.  The  triode  discharge  was  established  by  applying  a nominal  30  volts  to  the 
anode.  A -25  volt  bias  was  then  applied  to  the  substrate  and  targets  for  5 
minutes  to  facilitate  outgassing. 

4.  The  chamber  was  pumped  to  4X10  ’ torr  and  then  again  backfilled  with 
krypton  at  3X10  * torr  (flow). 

5.  A -50  volt  bias  was  applied  to  substrate  and  targets  for  30  minutes. 
Deposition  was  started  by  increasing  the  target  voltage  and  decreasing  the 
substrate  bias  to  the  desired  levels.  Deposition  parameters  are  given  in  Table 
12.  Target  current  density  was  4.6  ma/cm*  ± 5%  for  all  runs.  Substrate 

2H 


current  densities  increased  with  increasing  negative  bias  voltage  from  7.3 
ma/cm’  to  11. 7 and  12.2  ma/cm’ for  OV,  —15V  and -25V  respectively.  Target 
and  substrate  current  densities  were  calculated  by  dividing  the  total 
electrode  currents  by  their  respective  effective  areas  (area  receiving  ion 
bombardment).  The  krypton  gas  was  kept  at  a pressure  of  3X10'*  torr  for  all 
runs.  Deposit  thickness  was  determined  from  micrometer  measurements 
made  on  the  substrates  before  and  after  deposition.  The  temp>erature  during 
each  depx)sition  was  estimated  at  816°C  (15(X)°F)*. 


R»9uH$ 

Metallographic  data  of  the  as-sputtered  coatings  are  summarized  in  Table  11.  The  deposit 
thickness  and  corresponding  diffusion  zone  depths  were  scaled  from  photomicrographs. 


TABLE  11.  SUMMARY  OF  SPUTTERED 
Cr-Mo  COATINGS 


Nominal 


Hun  No 

Nominal 

C(xiting, 

mil 

Diffused 

Zone, 

mil 

Hardness, 

KHN 

Composition, 

%Mo 

96'“c  Cr-5'i 

Mo 

1 

0.9 

0.2 

NM 

2 

1.2 

3.1 

NM 

,) 

1.2 

3.0 

178 

NM 

4 

1.0 

2.4 

NM 

•■i 

0.8 

4.0 

192 

NM 

6 

1.6 

0.9 

NM 

_ 

90'’;  Cr-l(r, 

: Mo 

1 

3..) 

2.2 

, 

9.7 

2 

1.0 

2.8 

308 

10.6 

■■) 

2.1 

2.6 

10.5 

4 

1.2 

4.8 

340 

12.4 

,■) 

1.1 

4.6 

264 

11.3 

6 

0.7 

2.6 

202 

11.2 

NM  - Not  Measured. 


Where  a OV  bias  was  used,  the  Cr-Mo  structure  was  opien,  and  typical  of  Zone  I structures 
described  by  Movchan,  et  al,  (Reference  42).  However,  the  use  of  a negative  bias  (ion 
bombardment)  resulted  in  complete  densification.  Photomicrographs  in  Figure  21  show  the 
densification  of  structure  at  -25  volt  bias  for  90^7  Cr-10%  Mo.  These  results  are  also  typical  for 
95' f Cr-5'r  Mo,  Figure  22.  The  structures  at  -15V  bias  appear  identical  to  the  -25V  bias 
structure.  Figure  23.  No  variation  in  structure  with  target  voltage  was  noted. 

The  90';  Cr-lO'r  Mo  sputtered  deposits  exhibited  higher  hardness  than  the  95%  Ct-5%  Mo 
depjosits.  Table  12.  This  effect  was  anticipated. 


'Temperaluren  in  nimilar  experimental  arrangementa  liave  been  meaaured  with  a aheathed  thermm'ouple,  e g.. 
".Sputtered  NiCrAl.Si  on  TD-NiCrAl,  Report  of  Procenaing  History,  Contract  C-62220.C”  1)0  April  197.').  R.  ,J.  Kenton  and 
.)  H Mullaly  Prepared  for  NASA-l.«R('. 
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TABLK  12.  SUMMARY  OF  SPUTTERED 
Cr-Mo  DEPOSITIONS 


Hun  So 

Target. 

Volt 

Substrate 

Bias, 

Volt 

Deposition 
Time,  hr 

Deposition 
Rate,  mil/hr 

\ 

■MtO 

56'5  CV-5' 
0 

i Mo 
6.0 

0.15 

2 

UMM) 

2,5 

6.0 

0.20 

■A 

-UKX) 

'1,5 

5.5 

0.22 

4 

KMM) 

0 

5.25 

0.19 

.5 

1.5(K) 

'1.5 

4.5 

0.18 

fi 

0 

.3.0 

0..53 

1 

1,5(K) 

90' t Cr-IO' 
0 

; Mo 
.25 

0.40 

2 

1.5(X) 

'2.5 

4.3 

0.22 

:i 

- 1,500 

0 

5.0 

0.42 

4 

1,5<K) 

'2.5 

6.25 

0.24 

.■> 

1,5(X) 

'15 

5.5 

0.20 

fi 

KNM) 

15 

4.0 

0.17 

In  summary,  dense  and  adherent  high  molybdenum  containing  chromium  alloy  deposits 
can  be  obtained  by  sputtering.  Further,  the  structure  can  be  varied  from  open  to  dense  by  varying 
substrate  bias  voltage.  Deposit  thickness  as  well  as  interdiffusion  bone  thickness  can  be  readily 
altered  by  varying  deposition  parameters. 

ADHESION 

Ouahtative  tests  for  electroplate  adhesion  are  often  satisfactory  for  quality  control. 
Although  no  numerical  values  are  obtained,  these  tests  provide  reliable  indications  of  tbe  degree 
of  adhesion.  The  most  .satisfactory  tests  for  a given  electroplate  are  dictated  by  the  type  of 
deposit,  the  basis  metal,  and  the  intended  application.  The  bend  test  was  selected  because  it 
seemed  most  appropriate  for  the  chromium-molybdenum  deposit.  This  test  allows  evaluation  of 
dejKisit  adhesion  under  a gradation  of  induced  stress.  As  the  test  piece  is  bent,  it  is  subjected  to 
varying  amounts  of  stress.  The  proportion  of  adherent  to  nonadherent  deposit  and  the  location  of 
the  intact  deposit  both  are  qualitative  indicators  to  coating  integrity. 

In  our  test,  strips  of  Ti-6A1-4V;  2. .‘14  by  1 .27  by  O.O.'l  cm  ( 1 by  0.5  by  0.02  in.)  were  coated  all 
over  with  chromium-molybdenum  deposit.  After  appropriate  diffusion  heat  treatment,  they  were 
bent  over  a 0.32  cm  (0.12,5  in.)  diameter  mandrel.  The  appearance  of  the  coating  and  underlying 
titanium  substrate  after  bending  was  noted.  Both  sides  of  the  strips  (compre.ssive  and  tensile 
stressed  sides)  were  visually  examined.  Table  13  presents  the  results  of  the  adhesion  evaluation. 
As  deposited,  (no  diffusion  heat  treatment)  the  coating  tended  to  (lake  from  both  sides  of  the  strip 
sj)ecimens. 

All  heat  treatments  improved  the  deposit  adhesion  so  that  only  edge  flaking  occurred.  When 
temperatures  of  760‘’C  or  greater  were  used,  the  adhesion  was  sufficient  to  prevent  flaking. 
However,  at  81.5°C  and  above,  several  specimens  were  embrittled  and  broke  when  bent  around 
the  mandrel.  Apparently,  sufficient  oxygen  was  picked  up  to  reduce  the  ductility  on  those 
specimens  heat  treated  in  a slightly  contaminated  atmosphere.  Uncoated  titanium  bend  strips 
were  subjected  to  the  same  heat  treat  and  those  too  were  embrittled.  When  special  precautions 
were  taken  to  reduce  the  oxygen  contamination,  the  chromium-molybdenum  coated  specimens 
were  not  embrittled.  Surprisingly,  an  uncoated  specimen  that  was  heat  treated  along  with  t’ne 
coated  specimen  did  break  when  bent  around  the  mandrel  (Figure  24).  This  indicates  the 
chromium-molybdenum  coating  provides  either  some  improved  resistance  to  oxygen  penetration 
or  some  improved  tolerance  to  oxygen  contamination. 


02  Conta 
Enviror 
(10‘^  Torr 


Fifiurv  24. 
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Diffusion 
Ti'mpvraturv.  °C 


Ti'mpvraturv.  °C  hr  Results 


Not  hfiit-treatcd  Flaked  c»ff  from  both  sides 

1 Flaked  off  from  edges 

.'nW  1 Flaked  off  Irom  edges 

•VW  1 Flaked  oft  fnrni  edges 

Ttiti  1 No  Haking 

THM  1 No  flaking 

H15  1 S|)ecinien  fractured  Plate  l>onded 

81‘>  (Double  Thuki  1 S|>ecimen  fractured  - Plate  bonded 

, H15  1 Specimen  fractured  - Plate  l>onded 

,Hir»  (Nti  Plate!  1 S|>ecimen  fractured 

,r  Hlo  1 No  tlaking 

iHlo  (Nt»  IMaiei  1 Did  not  fracture 

870  1 Specimen  fractured  • Plate  bonded 

870  1 S|)ecimen  fractured  Plate  bonded 

870  1 No  flaking 

870  I No  tlaking  • Did  not  fracture 

1870  (No  Platei  1 Specimen  fractured 

,[870/590  « S|)ecimen  fractured  ■ Plate  lK)nded 

[870/590  ( No  Plate!  D Specimen  fractured 

870/590  *1  Some  tlaking  on  compression  side 

' 870/590  I No  Plate)  i S|>ecimen  fractured 

870  (Peened)  1 Specimen  fractured  Plate  b«mded 

* rhese  sj)ecimens  were  ditTusion  heat  treated  simultaneously 


815 

815  (Double  I’hick) 
. 815 

, 815  ( Ntf  Plate! 
.[815 

[ 81.)  (N't*  Plate! 

870 

870 

870 

870 

ImTII  (No  I’latcl 

,rH7(l/r.90 

[hTOASHO  (No  Pla(i'( 
H7(»/o»l 

( H7()/o9(l  (No  ria(i') 
H70  (I’eem-dl 
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In  order  to  prevent  embrittlement,  the  diflusion  cyele  should  then  either  he  below  or 

be  conduited  in  a very  “clean"  atmosphere.  Kurt  her,  for  maximum  adhesion,  temperatures 
should  be  above  T(K)°('.  The  range  ot  700°C  toH(H)°(’  provides  satisfactory  coatings. Temperatures 
in  excess  ol  ,H0()°('  may  be  uselul  in  special  casts  where  more  diffusion  is  required  and  when 
suitable  atmospheres  can  be  assured. 

HOT  SALT  STRESS  CORROSION 

,A  lew  of  the  es.sential  features  of  current  theories  on  hot-salt  stress  corrosion  (HSS(’)  of 
titanium  can  be  cited: 

• In  order  for  HSSC  of  titanium  to  occur,  the  environment  must  be 
characterized  by  a stressed  condition,  a high  temperature,  the  presence  of 
chloride  ion,  water,  and  probably  some  finite  partial  pressure  ol  Oxygen.  The 
incidence  of  cracking  apjiears  to  be  quite  sensitive  to  very  slight  changes  of 
these  elements. 

• HSSC  is  observed  as  fine  line  cracking  with  sustained  brittleness  at  the  crack 
tip.  This  fine  line  cracking  is  in  line  with  a corrosion  which  is  concentrated  at 
the  tij). 

• Crack  propagation  i.s  fairly  rapid  and  uniform.  Average  values  for  most 
metals  have  been  measured  at  0.5  cm/hr.  This  propagation  rate  is  much  faster 
than  ordinary  corrosion  rates  and  too  slow  for  brittle  mechanical  failure  rates. 

It  is  reasonable  for  either  electrochemical  corrosion  or  alternating  bursts  of 
mechanical  failure  followed  by  slow  corrosion. 

• HSSC  has  two  distinct  phases:  a crack  incubation  or  induction  period,  and  a 
crack  propagation  period.  Since  crack  propagation  has  been  observed  to  be 
rapid,  the  induction  period  represents  the  major  portion  of  part  life. 

• All  titanium  alloys  show  a sensitivity  in  varying  degrees  to  HSSC. 

• The  source  of  chloride,  i.e.,  sea  water,  maintenance  materials,  does  not 
appreciably  affect  the  threshold  stress  for  cracking. 


Most  ol  the  proposed  mechanisms  rest  on  one  or  more  of  the  above  features.  The  literature 
contains  reviews  (References  21  through  36)  which  adequately  cover  the  history  of  these 
mechanisms  so  will  not  be  further  di.scussed  in  this  report. 


Specimen  T esting 

The  I'l  molybdenum-chromium  deposits  were  evaluated  for  hot-salt  stress  corrosion 
resistance  with  and  without  the  diffusion  cycles,  using  two-ixiint  loaded  bent  beam  Ti 
HAI-lV-l.Mo  s|>ecimens  as  described  in  detail  in  Appendix  H. 

Tests  were  conducted  on  A.M.S  4916  material  machined  into  strips  ().t)H9  by  1.25  by  15  cm. 
The  length  dimension  was  varied  to  produce  the  desired  stress  as  calculated  using  the  methial 
described  bv  Haaijer  and  Loginow  (Reference  20). 
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Figure  2')  shows  the  typical  appearatice  of  stress  corrosion  specimens  moiinteti  in  the  holder. 
Alter  strip|)inK  the  chromium-niolyhdeniim  coating  in  hydrochloric  acid,  the  specimens  were 
cleaned,  chemically  polished,  and  inspected  lor  cracks  usiiiK  both  visual  and  lluoresceni 
()enetrant  techniques.  Figure  2h  shows  the  appearance  of  several  specimens  tested  at  112. 4 
.\IN/m^  (tk)  ksi).  The  cracks  were  readily  visible  alter  lluorescent  penetrant  processing  when 
examined  under  ultraviolet  light . Tables  14  and  I.'i  summarize  the  results  of  these  tests.  Referring 
to  Table  14  the  uncoated  alloy  had.  as  expected,  a threshold  stress  for  cracking  somewhere  below 
27,").li  MNVm'  (4(1  ksil,  I’lating  this  alloy  with  chromium-molybdenum  improved  tbe  H.SSC 
resistance  so  that  the  threshold  stress  was  raised  to  above  41.1.4  .MN/m*  (f>()  ksi).  After  diffusing 
the  coating  at  either  (l4(K)°Fl  or  K7(t°(’  (1()(H)°F),  the  threshold  stress  was  again  reduced 

to  below  27.7. b M\/nT  (40  ksi),  (Hass  bead  peening  ).')N2)  did  not  appear  to  affect  the  results  of 
the  specimens  diffused  at  7b()'’(’  n4(H)°F),  but  did  inqtrove  the  threshold  stress  for  si>ecimens 
diffused  at  H70'=C  ( lb(H)°F). 

I’nderstanding  these  results  depends  on  understanding  that  the  ratio  of  undiffused  coating 
thickness  to  diffused  coating  thickness  is  largest  at  the  lower  diffusion  temperature.  Therefore, 
the  absolute  thickness  of  pure  or  undiffused  coating  decreases  as  the  diffusion  temperature 
increases.  The  as-plated  specimens  demonstrated  excellent  resistance  to  penetration  by  chloride 
ions,  hence,  had  giKid  resistance  to  cracking.  After  diffusion  at  either  760°C  or  870°C,  a small 
amount  of  oxygen  might  have  absorbed  in  the  lattice,  or  a thinner  undiffused  coating  on  the 
surface  after  diffusion  provided  a path  for  chloride  ions  to  reach  titanium  to  start  the  cracking 
process.  Peening  normally  improves  the  stress  corrosion  resistance  by  cold  working  the  surface 
and  producing  compressive  stresses.  The  specimen  diffused  at  760°C  failed  after  peening,  since 
the  coating  was  still  thick  enough  to  prevent  substantial  compressive  stresses  from  being  induced 
into  the  titanium  surface.  Peening  of  specimens  diffused  at  870°C  did  put  compressive  stresses  in 
the  surface  since  the  coating  was  thinner  (more  of  it  was  diffused  into  the  base  alloy).  The 
specimen  did  not  fail. 


Figure  2.5  Stresx  Corrosion  Cracking  Test  Holder  and  Specimens 
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Fifiurv  2H  Appearance  of  Stress  Corrosion  Specimens  After  Testing 


lAHI.K  14.  HOT-SALT  STRKSS  C'ORROSION  TKS'T  RESI  LTS  ON 
rHROMIi;M-MOLYBI)T:NTM  COATIN(J 

Hhm*  Nldterial:  Ti  HAI-lMn-lV  Sheet 

lest  'rem|>erHlure:  4H0‘'{'  (9(K)°K) 

('ontarnmatuin  M',  Aqueous  Sodium  ('hlonde 

I’lrne:  100-Hour 


Heal  5S2 

Sample  Stress,  Mo  ('ontent,  Treatment  (Hass  Head 


\umher 

( ’fintamination 

M.\/m 

' (h.ii) 

•‘('/hr 

t‘een 

Results 

:l44..'i 

(.501 

Pass 

NhCI 

:i44..'i 

(.501 

Kh(I 

2m:i 

NhCI 

:I44..'; 

(.501  1 

Pass 

liOo 

27.''.,H 

(401 

Pass 

L'tXi 

NhCI 

27.5.K 

(401 

Kh(1 

liOT 

27.''>.« 

(401  1 

t’ass 

2(  )H 

NhCI 

27.').ti 

(401  I 

Pass 

27,1. H 

(401  1 

M70/1 

Pass 

„'10 

NhCI 

275,0 

(401  I 

H70/1 

Kml 

211 

27.5.6 

(401  1 

H70/1 

Pass 

2\\ 

.144  .5 

(.50)  1 

Pass 

2\r, 

M44..5 

(.50)  1 

780/ 1 

Yes 

Pass 

2Ui 

.144  5 

(.50)  1 

H70/1 

Yes 

Pass 

217 

.144. .5 

(.50)  1 

H70/1 

Yes 

Pass 

20 

NhCI 

.144  .5 

(.50)  1 

l*ass 

220 

NhCI 

:i44  .5 

(.50)  1 

760/1 

Yes 

Kail 

221 

NhCI 

144.  ■) 

(.50)  1 

670/ 1 

5'es 

Pass 

222 

NhCI 

.144.5 

(.50)  1 

H70/1 

Kail 

22;t 

4i:i.4 

(fiOl 

Pass 

224 

4KI.4 

(fiO)  1 

Pass 

22r> 

4i;i.4 

(HO)  1 

7H0/I 

Yes 

Pass 

22H 

41H.4 

(HO)  1 

H70/1 

Yes 

Pass 

227 

41.14 

(HOI  1 

H70/1 

Pass 

22M 

NhCI 

4i;i.4 

(HOI 

KhII 

229 

NaCI 

41:1.4 

(HO)  1 

Pass 

2;  to 

NhCI 

4i;i  4 

(HO)  1 

760/ 1 

Yes 

Kail 

2.11 

NhCI 

41.1  4 

(HO)  1 

870/1 

Yes 

!*ass 

2:12 

NhCI 

41.1  4 

(HO)  1 

870/1 

Kail 

TABLK  If).  SUMMARY  OF  HOT-SALT  STRESS 
CORROSION  TEST  RESULTS  ON 
SALTED  AMS  4916 


Temperature:  480°C 
Time:  I(X)  hour 


Stress 

.V/.\7m*  (ksO 

1 ’ncoated 

( V-  \fo 

Cr-Mo 

THO'-Cnhr 

I’een 

Cr-Mo 

H70H'/hhr 

Cr-Mo 

fi70%VI-hr 

Peen 

4i:i.4  (HO) 

Kail 

Pass 

Kail 

Fail 

Pass 

•M4  '»  (“>Oi 

Kail 

Pass 

Fail 

Kail 

Pass 

J75.H  140) 

Kail 

Pass 

Kail 

(l«M)d  protection  from  stress  corrosion  should  be  possible  by  some  type  of  duplex  coating. 
Further,  a distinction  can  be  made  between  the  two  suggested  causes  of  reduced  protection 
observed  after  beat  treat,  oxygen  contamination  or  thinner  coatings,  by  testing  duplex  coating 
with  and  without  subsequent  heat  treat. 

OXIDATION 

Studies  of  the  r)xidation  characteristics  of  pure  titanium  have  been  extensively  conducted 
by  Kofsted  et  al.  (References  .')7  and  .'18(.  Ferguson  (Reference  ,')9)  more  recently  reviewed  the 
literature  with  respect  to  titanium  alloys. 

In  his  review.  Kofsted  indicates  that  the  oxidation  of  pure  titanium  goes  through  three 
distinct  mechanism  changes  in  the  temperature  region.  In  the  first  region,  below  ,'j70°F,  the 
oxidation  rate  follows  a logarithmic  law,  which  has  been  interpreted  as  resulting  when  oxidation 
takes  the  form  of  film  formation.  Oxygen  dissolution  into  the  metal  is  negligible  compared  to  the 
film  growth. 

In  the  second  temperature  region,  between  approximately  299°C  (,57()°F)  and  ,'i9:i°U 
( 1 10(I°F)  the  oxidation  is  observed  as  following  a cubic  law.  Apparently,  oxygen  diffusion  into  the 
metal  is  comparable  to  the  rate  of  film  formation.  The  highest  temperature  region  of  interest  here 
between  approximately  (11(K)'’F)  and  843°U  (15,‘j()°F)  is  one  where  the  oxidation  rate  is 

initially  parabolic,  followed  by  a linear  rate.  In  this  region,  the  interstitial  diffusion  of  oxygen  into 
the  base  metal  increasingly  dominates. 

The  oxidation  of  titanium  alloys  is  similar  in  character  to  the  pure  metal  (Reference  .'(9). 
T'hat  is,  at  the  more  elevated  temperature,  interstitial  solid  solution  diffusion  of  oxygen  plays  a 
major  role  in  the  oxidative  process.  Substitutional  alloying  agents,  as  the  a stabilizers, 
aluminum,  tin,  zirconium,  and  the  d stabilizers,  silicon,  vanadium,  molybdenum,  etc.,  var\'  the 
kinetics  of  oxidation.  Shamblen  and  Redden  (Reference  40)  followed  the  internal  surface 
embrittlement  by  microhardness  measurements  on  several  titanium  alloys;  among  them  Ti 
8.A1-1  V-lMo,  as  well  as  unalloyed  titanium.  In  general,  the  depth  of  diffusion  was  proportional  to 
the  amount  of  substitutional  alloying  agents. 


Coated  Specimens  Oxidation  Rates 

A Cahn  ThermoKraviniclric  Analysis  ( I'nit  was  us«'d  lo  sludv  the  hif;h  tcmfXTai lire 

'lahililv  111  rhri.mium-molyhdenum  coaled  and  uncoated  AMS  Idl  1 sheet.  The  coating  was 
plated  onto  a (i  hy  10  hy  O.O.'t  cm  thick  AMS  4‘H  1 to  a thickness  ol  approximately  0.001  cm 
Coaling  dillusion  was  conducted  at  Hla'^C  (1500°K)  (dr  I hour  in  vacuum  and  then  the  coaling 
was  .'iNl'  glass  tu-ad  peened.  Smaller  sections  (1  hy  1 cm)  were  cut  Irom  this  panel  so  that  total 
weight  did  not  exceed  the  1 gram  elect rohalance  maximum  capacity.  For  comparison,  an 
uncoated  sheet  ol  .\M.S  491 1 was  likewise  pe-ened  and  cut  into  similar  sized  sections. 

U eight  gains  were  individually  monitored  using  a recording  elect  rohalance  for  approximate- 
l\  J I hours.  'I'he  results  are  summarized  in  'I'ahle  Hi  and  Figures  27  and  2H. 

Oxidation  rales  at  .700'’('  (9-'i2°F)  did  not  seem  to  de|)end  on  whether  the  specimens  were 
(oaled  or  uncoaled.  In  hoih  cases,  the  rales  were  low  and  should  therefore  not  cause  am 
delriinenial  effects  ,At  li(H)°(',  the  differences  helween  coatecf  and  uncoated  s|x*cimens  hecame 
more  e\  ident  The  CrMo  coaled  pieces  were  still  oxidizing  at  close  to  the  rates  shown  lor  .700°C 
illl2  Fi.  while  utuoaied  titanium  oxidized  at  a much  greater  rate.  Raising  the  temperature  to 
7<Mi  (■  (1292  Fi  showed  an  even  larger  separation  helween  coaled  and  uncoated  titanium.  I'he 
coating  was  shown  lo  improve  the  oxidation  resistatue  at  those  temperatures. 

These  results  demonstrate  an  imi>roved  oxidative  stahihiv  of  i hromiurn-molyhdenum 
coaled  titanium  over  the  uncoaled  allovs  It  ap|M-ars  the  useful  temperature  range  may  he 
extended  hv  ahoul  10(1  C (2(»0  F)  when  onlv  oxidation  limits  the  appliiation  temperatures 


1 AMl.K  Hi  OXIDATION  OF  AMS  4911  WTI'H  AM)  VM  I HOIT  (’HKOMU  M- 
MOLYHDFM  M COATINd 


i'itaUng 

Sample  Weight, 
mg 

Temperature.  (°F) 

Time, 

minutes 

Weight  dam, 
mg/sQ  cm 

Absolute 

/late  of  Wt  (tain, 
mg/nq  cm/min 

No 

iia  4 

7«1  (12921 

25 

7 ,587  X 

10' 

3.035 

X 

10" 

79 

2 266  X 

Kf 

2.867 

X 

10“ 

100 

3 ,321  X 

10* 

2.001 

X 

10" 

307 

5 045  X 

10* 

1 64,3 

X 

10" 

Yen 

129  2 

700  (12921 

77 

2 46;i  X 

10' 

3 198 

X 

10  ' 

177 

5.112  X 

10' 

2.888 

X 

10  ' 

277 

7 .660  X 

10' 

2.765 

X 

10  • 

399 

1 (Ml  X 

10* 

2 609 

X 

10  ' 

No 

117  a 

6<XI  (1112) 

.54 

4 .368  X 

10  ' 

8.089 

X 

10  • 

:144 

1.626  X 

10  • 

4 726 

X 

10  ‘ 

,597 

2 439  X 

10  ' 

4.085 

X 

10  • 

914 

2 .997  X 

10  ■ 

3.279 

X 

10  < 

1,282 

4. ,562  X 

10  ' 

3,559 

X 

10  • 

Ycr 

i:)i  1 

tjOO  (1112) 

266 

1.133  X 

10  • 

4 260 

X 

10  • 

748 

8.498  X 

10  ■ 

1.1,36 

X 

10  ‘ 

1..381 

1.813  X 

10  ' 

1.313 

X 

10  • 

No 

tot  9 

500  (932) 

240 

1.076  X 

10  • 

4.485 

X 

10  ‘ 

360 

2.272  X 

10  ■ 

6.312 

X 

10  • 

,540 

4.904  X 

10  ■ 

9.081 

X 

10  • 

780 

7.296  X 

10  ■ 

9.353 

X 

10  • 

900 

8 .492  X 

10  ■ 

9.435 

X 

10  • 

1,130 

1.100  X 

W ' 

9.737 

X 

10  • 

Yen 

122,5 

500  (9.42) 

90 

7 .606  X 

10  • 

8.451 

X 

10  • 

210 

1.648  X 

10  * 

7.847 

X 

10  • 

330 

2.5.15  X 

10  • 

7.683 

X 

10  • 

610 

4.310  X 

10  ■ 

8.451 

X 

10  • 

690 

6.338  X 

10  ■ 

9.186 

X 

10  • 

1,4(M 

1.014  X 

10  ' 

7.22,3 

X 

10  • 

99 


>j<Z 
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WEAR  RESISTANCE 


I'lic  chromiutii  nioK  Ixieiuim  coatm^'s  were  I’vahiatcd  lor  wear  and  lri<  tional  properties  on 
a K.ilex  wear  testing;  imu  hme.  I'his  eipiipment  has  reeeived  universal  aeeeptanee  as  a method  (or 
•-1  reenin^'  wear  couples  hile  results  are  not  always  correlatahle  to  in-service  c(aidil ions,  it  does 
proxide  a somewhat  controlled  method  o|  materials  comparison  in  proviflmn  fixed  specimen 
tteometrx 

I he  Kalex  wear  testing;  nuichine  is  shown  in  Fitjures  29  and  dO.  A O.ddo-cm  diameter  journal 
Ipinl  is  rotated  atininst  two  stationary  V-hlocks  to  give  a four  line  contact.  T he  test  pieces  and 
their  supporting  jaws  are  immersed  in  the  oil  sam|)le  cup  or  run  dry.  Coatings  or  dry  film 
luhriiants  to  he  investigated  reside  on  pins  and/or  V-hlocks.  The  pin  is  rotated  at  290  rpm  and 
a load  is  applied  to  the  \'  blocks  through  a nut -tracker  action  lever  artn  and  spring  gauge.  T'he 
load  is  applied  by  means  ol  a ratchet  wheel  mechanism  that  also  may  be  used  to  indicate  wear 
like  a micrometer.  An  IH-tooth  advance  on  the  ratchet  wheel  is  eipial  to0.002'i-4  t in  of  wear.  The 
entire  load  arm  assemhiv  is  tree  to  rotate  ahout  the  main  shaft,  and  Irit  tion  rieveloped  during  the 
test  is  shown  in  inch-pounds  on  the  tort|ue  gauge. 

In  the  test  method  selected,  the  \ -block  load  was  increased  incrementallv  according  to  the 
schedule  given  in  AS'I'M  l)-2f)2o  Procedure  A.  It  cotisists  ol  running  two  stationary  \ -bloik 
specimens  against  a rotating  pin  until  a sharp  increase  ol  l.l.'i  .\m  (10  in.-n)|)  m steady-state 
torpue  or  pin  breakage  is  experienced.  A prescribed  schedule  ol  jaw-  load  application  and  dwell 
time  on  the  rotating  pin  is  followed;  II  minutes  at  1200  \ plus  1 minute  at  2220  \ plus  1 minute 
at  :t:f;t0  .\  plus  -t4b0  N until  failure.  Hun-out  time  at  the  44oO  .\  level  was  set  at  20  minutes. 


Figure  29  Schematic  Diagram  of  Falex  Lubricant  Tester 


■ 

i 

^ 


Brass  Locking  Pin 


FI)  lUV)* 


H^ure  30.  Exploded  View  of  V-Btocks  and  Journal  Arrangement,  Falex  Lubri- 
cant Tester 


The  pins  used  in  this  evaluation  were  Ti-6A1-4V;  the  V-hlocks  were  either 'ri-fiAl-4V  or  AlSl 
1 1.'l?  steel.  MIL-L-2M699  aircraft  turbine  engine  lubricant  was  used  where  lubricant  was  specified. 

The  test  results  are  compiled  in  Tables  17  and  18.  In  most  instances,,  the  titanium  alloy 
blocks  were  coated  with  a 1%  molybdenum  coating  although  some  were  tested  as-received 
(uncoated). 


TABLE  17.  FALEX  WEAR  TEST  IN  AIR 


Tent  Material  Combination' 

Time  To  Failure  At  Specified  Load 

I330N  (300  tbf)  2220N  (500  n>f)  moN  (750  fhf)  4450S  fltm  tbf) 

.STKKI,  V BI.tK'KS/Titanium  Pins 

1 Hare  I'ilanium 

2 Lube  B ('oated  Titanium 

s')  min.  Failed 

■)  niin.  1 min.  1 min  12  min 

1%  Mo Cr/7e(M'-:i  hr  With 

I Vap«)r  Blast  (VHl/l^ube  H 
4 Duplex  VH/I.uhe  A 
Duplex  \'H/I.ube  B 
b An  plated 

(1  min.  1 min.  1 min.  H min 

.1  min.  Failed 

min.  1 min.  1 min.  20  min 

'1  min  Failed 

rn  AMI  M V Ht.OCK/Tilanium  Pins 

7 Hare  Titanium 
H l.ubc  B (2) 

'2  min. 
'2  min. 

I"*  M<>/H7(K'  l hr  With 

a Peenerf 
IK  Peened/I.uhe  B 
1 1 Peeneil/'l.iitie  B 

1 min. 

1 min 

3 min.  Failed 

Nolen 

1 Kailed  indicates  samples  failed  while  the  jaw  load  was  being  increased  from  one  level  to  that  level  where  Kailed 
appears 

2 "Duplei  " refers  to  two  coating  cycles  being  conducted  on  the  part.  After  the  initial  coating  was  applied,  the  surfaces 
were  vatsir  blasted  and  replated/diffused  as  with  the  first  cycle. 

1 Treatment  refers  to  pins  only. 

TABLE  18.  FALEX  WEAR  TEST  USING  MIL-L-23369  OIL 


I, 

I 


Test  Material  Combination^ 

Time  To  failure  At  Specified  Load 

I330N  (300  tbf) 

2220N  (500  tbf) 

3330N  (750  Ihf) 

4450  N (1000  tbf) 

STEEL  V-BLOCKS/Titanium  Pina 

1.  Bare  Titanium  6 to  4 

3 

min. 

Failed' 

30 

sec. 

3 

min. 

Failed 

Kr  Mo-Cr/760T-3  hr  with 

2.  Vapor  Blasted 

3 

min. 

1 

1 

30  min. 

3.  I'eened 

3 

min. 

1 

1 

30  min. 

4.  Duplex -Peened 

3 

min. 

1 

1 

30  min. 

Mo-Cr/870C-1  hr  with 

ft.  As  Plated 

3 

min. 

1 

1 

0.5  min. 

3*7  Mo-rr/76(K'-3  hr  with 

6.  Vapor  Blast 

3 

min. 

1 

1 

2.5  min. 

7.  Peened 

3 

min. 

1 

1 

12.5  min. 

8.  Duplex  Peened 

3 

min. 

1 

1 

30  min. 

TITANIUM  V-BLOCKS 

(I*T  Mo-Cr/760C-3  hrlH'itanium  Pins 

!'■;  Mo-Cr/760C-3  hr  with 

9 Peened 

3 

min. 

Failed 

10.  Peened 

3 

min. 

Failed 

1 1 Vapor  Blast 

3 

min. 

Failed 

Mo-Cr/760C-3  hr  with 

12.  Peened 

3 

min. 

Failed 

13.  Peened* 

3 

min. 

Failed 

Notes: 

1.  Failed  indicates  samples  failed  while  the  jaw  load  was  being  increased  from  one  level  to  the  next  higher. 

2.  Bare  titanium. 

3.  Treatment  refers  to  pins  only. 


W*ar  Taat  RaaulU  (Air) 

As  expected,  bare  titanium  did  not  fare  as  well  against  itself  as  it  did  against  steel. 
Chromium-molybdenum  alone  did  not  substantially  improve  the  wear  resistance  unless  it  was 
used  in  conjunction  with  a dry  film  lubricant.  The  dry  film  lubricants  evaluated  were  both 
synergistic  combinations  of  molybdenum  disulfide  and  antimony  trioxide.  In  the  case  of  Lube  A 
a silicone  binder  is  used  which  makes  it  susceptible  to  fuel  and/or  oil  degradation.  The  Lube  B 
material  uses  a thermosetting  resin  binder  which  is  not  affected  by  hydrocarbons. 

Lube  B did  significantly  improve  the  wear  life  of  the  titanium  alloy  against  steel.  When 
applied  over  a duplex  coated  chromium-molybdenum  coating,  the  wear  life  was  further 
improved. 

All  of  the  results  generated  using  titanium  alloy  V-blocks,  even  with  the  dry  film  lubricants, 
showed  much  shorter  lives  than  previous  tests.  Since  P&WA  is  presently  using  chromium- 
molybdenum  coating  against  itself  and  with  Lube  B in  a highly  loaded  spherical  bearing,  the 
results  obtained  with  this  combination  in  Falex  testing  are  difficult  to  understand.  Tests  using 
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titanium  V-blocks  with  Lube  B coating  against  steel  pins  showed  similar  short  lives.  Apparently 
the  stationary  line  contact  loading  characteristic  with  V-blocks  is  significantly  different  from  the 
sweeping  line  contact  against  the  pins.  Therefore,  a somewhat  modified  loading  cycle  or  test  must 
he  conducted  on  these  combinations  in  order  to  get  suitable  results. 

Wear  Test  Results  (MIL-L-23369  Oil) 

Bare  titanium  against  steel  failed  this  test,  sometimes  before  completing  the  .'1  minutes  at 
the  lowest  load  level.  All  of  the  chromium-molybdenum  coating  systems  seemed  to  substantially 
improve  the  wear  life  although  V'<  Mo-Cr  with  a 3-hour  760°C  diffusion  cycle  generally  appeared 
better  than  either  the  3'';  molybdenum  coating  or  the  higher  diffusion  temperature  treated 
s[)ecimens. 

Figure  31  shows  the  appearance  of  the  specimens  after  testing.  The  specimens  in  that  figure 
were  selected  to  illustrate  the  vast  improvement  in  wear  life  possible  with  the  chromium- 
molybdenum  coating  on  titanium. 


CrMo  Coated 

Run  30  Minutes  at  4450N  (1000  Ibf) 

Kl)  111391 

Figure  31.  Comparison  of  Bare  us  Chromium-Molybdenum  Coated  T.i  6AI-4V 
fhns  Wearing  Against  Steel 

As  with  the  air  tests,  chromium-molybdenum  coating  life  against  steel  V-blocks  was 
markedly  better  than  when  tested  against  titanium  V-blocks  even  though  the  V-blocks  were 
^ chromium-molybdenum  coated.  This  is  again  explained  by  the  test  configuration  and  loading 

sequence  just  not  allowing  valid  testing  of  this  material  combination. 

EROSION  RESISTANCE 

The  ability  of  aircraft  components  to  withstand  erosion  by  airborne  particles,  such  as  sand 
or  dust,  often  bears  a direct  relationship  to  performance  and  life.  For  this  study,  1'7  and  3'< 
chromium-molybdenum  coatings  were  applied  to  8 by  8 by  0.25  cm  specimens  of  Ti  8AI-IV-IM0 
alloy.  These  coated  specimens,  along  with  uncoated  specimens,  were  impinged  by  a high-velocity 
stream  of  27  micron  aluminum  oxide  particles.  Each  test  piece  had  sufficient  surface  area  to 
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Uncoated 

Run  0.5  Min  at  1330N  (300  Ibf) 


-•cl. 


# 


[HTinit  sfM'ral  li‘st  runs  An  SS  White  Model  K Industrial  Airhrasi\e  I nit  generated  the 
itnpinging  particles  as  illustrated  in  Figure  •fl'.  In  this  rig,  small  diameter  abrasive  partiiles  are 
metered  itito  a gas  stream.  The  abrasive  is  contained  in  a vibrating  reservoir.  At  constant  gas 
pressure,  the  amount  ol  abrasive  metered  into  the  stream  is  a lunction  ol  the  vibrating  intensitv 
ot  the  reserx oir.  Solenoid  operated  valves  allow  accurate  con t ml  ol  gas/ abrasive  flow  necessary  for 
reprodut  ibU‘  results  with  short  dwell  test  piece  exposures.  Abrasive  llowrate  through  t he  D.lMib  cm 
iti.iiL’ti  iiuhl  diameter  orilice  no//.le  was  (l.o^g/min  when  the  propellant  gas  Initrogen)  firessure 
was  set  at  ll.bHH  Ml’a  tUMI  psigi.  Flowrate,  nozzle  diameter,  and  gas  pressure  remained  constant 
during  t he  test  series  F.ach  site  was  impinged  tor  10  seconds  at  eit  her  ol  two  impingement  angles; 
:.’ii  deg  and  HI)  deg  relative  to  the  plane  of  the  coated  surface. 

,'several  means  of  determining  or  characterizing  erosion  resistance  were  considered.  'I’he 
most  commonly  used  is  weight  loss;  however,  when  coatings  are  not  the  same  density  or  do  not 
(losses^  a constant  density  across  their  efiective  thickness  (such  as  diffused  coatings),  weight  loss 
can  be  misleading.  \'olume  loss  by  direct  measurement  was  not  possible  experimentally,  nor  was 
calculated  volume  loss  which  dejiends  on  an  accurate  determination  of  coating  density.  In  this 
ellort.  we  chose  to  assess  erosion  bv  tracing  the  erosion  site  with  a surface  profilometer.  This 
met  hod  provides  a two-dimensional  view  of  the  site  from  which  erosion  depth  can  be  read  directly 
I Figure  ,'U). 

,\  (lould  Model  lab  Surfanalyzer  surface  profilometer  was  used  to  measure  the  depth  of 
erosion  after  each  test.  I'he  results  of  these  tests  are  summarized  in  Talile  If),  along  with  the 
erosion  depih  measurements. 

.At  the  20-deg  impingement  angle,  all  of  the  coating  compositions  and  diffusion  cycles 
reduced  the  erosion  rale  to  approximately  half  that  of  the  uncoated  alloys.  At  the  i)()-deg 
impingement  angle,  although  the  erosion  rates  were  generally  greater,  the  coated  samples  again 
exhiliited  onlv  half  the  erosion  rate  of  uncoated  samples. 

These  results  demonstrate  that  the  chromium-molybdenum  coating  on  titanium  alloys 
offers  sulistantial  erosion  protection  to  these  alloys. 

HIGH-FREQUENCY  FATIGUE 

For  many  applications  of  coated  titanium  alloys,  it  is  important  that  the  coating  not 
compromise  mechanical  properties,  F.arlier  testing  of  'I'i  HAl  iV-lMo  at  482°C  (HI)I)°F)  xvith 
rotating  lieam  specimens  has  shown  that  chromium-molybdenum  does  not  reduce  the  fatigue 
strength.  Figure  . 14  presents  some  of  the  data  accumulated  by  I’&W'Aon  chromium-molybdenum 
and  other  coatings.  I'iduran'*.  a nitride  type  coating,  caused  substantial  reductions  in  the  fatigue 
strength  much  of  which  could  lie  regained  by  peening  or  vapor  lilasting  to  remove  hxise  corrosion 
products.  Klectroless  nickel  also  caused  a significant  reduction  in  fatigue  strength  while  tioth 
]|  anodizing  las  descritied  in  Reference  .'!)  and  chromium-molybdenum  coating  did  not  cause 

reduction.  The  major  disadvantage  with  these  tests  is  the  relatively  small  area  of  the  specimen 
being  tested.  'I'he  hour-glass  shape  concentrates  the  stress  in  one  location.  'I'o  avoid  t his  condition 
and  to  allow  the  testing  ol  relatively  large  coated  areas,  a constant  stress  fatigue  specimen  was 
selected  for  use  in  this  portion  of  the  program. 

Specimen  Construction 

Figure  M')  illustrates  the  general  shajre  and  dimensions  of  the  specimen  selected.  As  seen 
from  that  figure,  the  strain  remains  constant  throughout  the  gage  section  allowing  the  testing  of 
coalings  over  a large  area.  The  strains  were  measured  by  strain  gages  placed  as  shown. 


ir. 


1%  Mo-Cr 
900°C/1  hr 

Figure  33.  Measurement  of  Erosion  Depth  Using  Surface  Profilometer  TVaces  r'*' 


TAHLK  19.  IMPINGEMENT  EROSION  TESTING  OF  CHROMIUM-MOLYB- 
DENUM COATED  AMS  4916 


Specimen  Description 


Inamted  1 

Ti-K-M  < 

IV.  Molybdenum  .* 

TWKVa  hr  ^ 

r.  Molybdenum 
7b(K7;i  hr  ' 

Molybdenum  * 

JKKK71  hr  * 


Depth  of  Erosion,  mtcmns 
Impingement  Angle 
9()  de 


ES3 


Eauipment  Parameters 


Test  Rig:  SS  White  Industrial 
Airbrasive  Unit  Model  K 
Nozzle  to  Specimen  Distance:  1.9()  cm 


Flowrate:  0 52  g/min 

Nozzle  ID:  0.066  cm  (0.026  in.) 

Hopper  Vibrator  Setting:  2 units 


(20)L. 

104 


Cycles 


Figure  34.  Effects  of  Coating  on  High  Frequency  Fatigue  Strength  of  Ti 
8AI-IM0-IV  at  482°C 
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Fteurr  :i5  Strain  Sun  e\  of  Corvitant  Stress  (Strain  Fatigue  Specimen) 


rhrnmium-molyhdenum  oialinKs  w«>re  plated  only  <iti  one  side  of  the  tatiKoe  speiiinen  so 
any  improvements  in  the  strenjtth  which  mi({ht  he  realized  from  the  heat  treat  would  be  noted  as 
that,  rather  than  an  effect  of  the  coatmK  system.  Further,  with  only  one  side  coated,  post-test 
ins|>ection  can  identify  the  side  of  fatigue  failure  origin.  'I'his  information  provities  added  value 
to  studies  such  as  this,  investi)(atinK  the  effects  of  coatinKs  on  fatiKiie  strength. 

Fatigu*  Taat  Result* 

Table  20  presents  a complete  summary  of  the  fatigue  test  results.  From  the  initial  series  of 
tests  on  uncoated  specimens  at  25°C  (77“F)  a stress  of  379  MN/m’  (55  ksi)  was  selected  to  test  all 
the  coated  samples.  This  stress  should  always  result  in  a specimen  failure  but  not  in  so  short  a 
time  that  coating  effects  cannot  he  determined  Raising  the  test  temperature  to  315°C  (6(X)°F) 
reduced  the  life  of  uncoated  specimens  as  expected.  Figure  36  illustrates  all  the  results  tabulated 
in  Table  20.  (Jenerally  a slight  reduction  in  fatigue  strength  could  be  noted  at  either  room 
temperature  or  315°C  (600°F).  The  760‘’C/1'1  Mo  coated  specimens  ran  longer  at  room 
temperature  than  uncoated  specimens  and  a 3''?  Mo  coated  specimen  with  no  diffusion  cycle 
lasted  longer  when  tested  at  315°C  (6(X)°F)  than  did  the  other  specimens.  Comparing  all  the 
results  of  coated  specimens  with  an  uncoated  S/N  curve  and  the  97. 5^^  minimum  regression  line 
commonly  used  to  account  for  experimental  error  (Figure  37),  indicates  no  obvious  reduction  of 
fatigue  strength.  However,  since  most  failures  on  the  coated  specimens  originated  on  the  coated 
side  (Figure  38)  it  appears  coating  had  some  effect,  probably  related  to  either  microstrain 
differences  in  coatirg/base  metal  combinations  or  vacancies  created  by  interdiffusion.  For- 
tunately, this  effect  is  so  small  that  other  less  sensitive  test  methods  would  probably  not  have 
detected  this  difference  and  it  should  not  be  of  a major  concern. 

TAHLK  20.  HIGH-FRKQUENCY  FATKJUE  RESULTS  OF  CHROMIUM  MOLYBDENUM 
COATING 

Hhw  MRterm).  AMS  4918 


l>Rt  remp^riilureR 
Cyclic  Streiw  Krequenc. 

■ 

25°C  (77-F)  and  M1.5'’C  ((NN)” 
1(N)  Hz 

F) 

Temperature. 

Strenn.  Mo  Cftatin^i. 

Dtffuiinn  Cycle. 

°c 

(“F) 

(hn%) 

°C/hr  ■ 

Cycles 

Results 

2H 

(77) 

M79 

(.5.5) 

1 X 10’ 

Did  Not  Kail 

25 

(771 

4H2 

(70) 

8 1 X !()• 

Failed 

25 

(771 

44S 

(6.5) 

1.6  » 10* 

Failed 

25 

(77) 

41M 

(KO) 

1 :)8  X 10* 

Failed 

25 

(771 

41M 

(KO) 

1 .54  X 10* 

Failed 

25 

(77) 

M79 

(55) 

.1.76  X lO* 

Failed 

25 

(77) 

.144  5 

(.50) 

10  X 10’ 

Did  Not  Fail 

25 

(77) 

M79 

(.55) 

1.7  X H)> 

Failed 

:I15 

(SOD) 

M79 

(.55) 

1 4 2 X 10* 

Failed 

MI  5 

(«)()) 

:I44.5 

(.50) 

1 .51  X lO* 

Failed 

M15 

((«)()) 

M44  5 

(.50) 

2 76  X 10* 

Failed 

Ml  5 

(KIN)) 

.M44.5 

(.50) 

1 74  X 10* 

Failed 

25 

(77) 

M79 

(.55) 

1 

760/1 

1 0 ■ 10’ 

Did  not  Fail 

25 

(77) 

:I79 

(.55) 

1 

760/M 

10  ■ 10’ 

Did  Not  Fail 

•2.5 

(77) 

M79 

(.55) 

1 

Hl.5/1 

1 92  X lO* 

Failure  Origin  C'oated  Side 

25 

(77) 

M79 

(.55) 

1 

Hl.5/1 

1 98  X !()• 

Failure  Origin  (’oated  Side 

25 

(77) 

:179 

(.55) 

1 

H7I/1 

1 9 X •()• 

Failure  Origin:  ( oated  Side 

25 

(77) 

M79 

(.55) 

1 

H71/1 

1 51  X 10* 

Failure  Origin  ( oated  Side 

•25 

(77) 

M79 

(.55) 

I 

9'27/l 

1 M2  X 10* 

Failure  Origin  Coated  Side 

25 

(77) 

M79 

(.55) 

1 

9’27/l 

1 6M  X 10* 

Failure  Origin  ( oated  Side 

25 

(77) 

:i79 

(.55) 

1 

H71/1  * .59M/H 

2 M6  X 10* 

Failure  Origin  ('oated  Side 

25 

(77) 

M79 

(.55) 

1 

871/1  ♦ .59M/H 

2 08  X 10« 

Failure  Origin  ('oated  Side 

Ml  5 

(HN)) 

M79 

(.55) 

1 

760/M 

9 49  X 10* 

Failure  Origin:  ('oated  Side 

M15 

((NNI) 

.179 

(.55) 

1 

760/M 

6 49  X 10* 

Failure  Origin  Both  SideM 

M15 

(KIN)) 

M79 

(.55) 

M 

1 0 X 10’ 

Did  Not  Fail 

M15 

(KIN)) 

.179 

U55) 

M 

871/1  ♦ .59M/8 

1 (M  X 10* 

Failure  Origin  Both  .Siden 

Ml  5 

IKINI) 

.179 

(.55) 

M 

760/M 

96  X 10* 

Failure  Origin  B«»lh  Side« 

M15 

(KIN)) 

M79 

(.55) 

1 

871/1  ♦ .59M/8 

78  X 10* 

Failure  Origin  ('(«ted  Side 

MI5 

(KIN)) 

M79 

(.55) 

1 

871/1  I .59M/8 

6 2 X 10* 

Failure  Origin.  ('oate<l  Side 

Cycles 

FD  111393 


Figure  36.  Effects  of  Coating  and  Diffusion  Cycle  on  Fatigue  Strength  of  Ti  SAl-lV-lMo 


Cycles  ‘Previous  Unreported  Work 

FD  111393 


Figure  37  Effect  of  Chromium-Molybdenum  Coating  on  Fatigue  Properties  of  Ti 
HAl-lV-IMo 


Magnification:  5X 

Figure  38.  Typical  Fracture  Faces  of  Fatigue  Failures 


FRETTINQ-FATIQUE  STRENGTH 

Under  conditions  of  fretting  or  galling,  the  optimum  coating  may  not  be  the  one  which 
exhibits  the  best  fatigue  strength.  Wear  characteristics  as  well  as  effect  on  fatigue  strength  must 
be  considered.  Earlier  testing  conducted  on  a P&WA  developed  fretting-fatigue  test  system  which 
assesses  the  resistance  to  wear  of  a coating  system  in  terms  of  the  reduction  in  fatigue  strength 
due  to  a standard  set  of  wear  conditions  (fretting),  showed  substantial  improvements  possible 
with  a chromium-molybdenum  coating.  The  test  specimens  consisted  of  a cantilever  beam  12.7 
by  1 .27  by  0.254  cm  (5.00  by  0.5(X)  by  0.100  inch)  long.  The  test  rig  exposed  the  fatigue  specimens 
to  a 50  ksi  bearing  load  applied  to  the  location  of  maximum  vibratory  bending  stress.  The  rig 
permitted  controlled  elevated  temperature  operating  while  providing  closely  controlled  bearing 
loads  over  a predetermined  specimen  area.  Figure  39  illustrates  some  of  the  results  obtained  with 
this  previous  testing.  A modified  version  of  this  test  was  selected  for  use  in  this  study  to  permit 
the  evaluation  of  different  bearing  loads. 
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Finurv  :i9  Frcttinn-Fatinue  Testing  of  Coated  Ti  HAI-I  V-l Mo  at  :U5°(' 

Specimen  Preparation 

The  test  s{)ecimens  consisted  oi  a 'I'i  HAI-I\’-lMo  Imr  1.27  cm  10. o )n.)  I)v  12.7  cm  (.')  in.)  by 
0 2.71  cm  (0.1  in. I thick.  Coatings  were  applied  on  both  sides  using  the  established  procedures. 
Dry  lilm  lubricants  were  used  over  the  chromium-molybdenum  coatings  since  previous  testing 
had  shown  this  to  be  beneficial.  'I'he  test  unit  consisted  of  the  equipment  depicted  in  Figure  40. 
Fretting  occurs  under  the  spring  loaded  clamps  while  the  specimen  is  fatigued  by  bending. 

Experimental  Reaulta 

fable  21  summarizes  the  results  of  all  the  fretting-latigue  tests.  I’ncoated  si>ecimens  were 
run  with  In-aring  stresses  ranging  from  1 to  T)  ksi  without  significantly  changing  (he  results.  Two 
compositions  of  chromium-molybdenum  coatings  (1^1  and  ) likewise  had  little  effect  on  the 
results  with  or  without  dry  film  lubricants.  Specimen  inspection  (Figure  41)  indicated  no 
significant  fretting  or  metal  transfer  had  occurred  in  spiteof  the  fact  tests  conducted  on  previous 
programs  produced  fretting.  Apparently,  the  only  difference  between  these  tests  was  the 
specimen  stiffness;  previous  specimens  were  slightly  thicker  than  the  ones  used  in  this  test.  'I’o 
confirm  the  results  were  not  dependent  on  fretting,  one  specimen  was  run  without  any  coating 
and  without  any  applied  Itearing  stress.  With  an  alternating  stress  of  244.7  MN/m*  (.“jO  ksi)  the 
s|H-cimen  failed  after  1.22  by  10*  cycles.  This  was  within  exj)erimental  error  of  results  obtained 
with  pin  loaded  specimen  and  confirmed  no  effect  was  being  caused  by  the  applied  bearing  pins. 

Although  this  test  method  did  not  provide  additional  data  on  the  fretting  resistance  of  the 
chromium-molybdenum  coating  system,  it  did  lend  further  evidence  to  no  fatigue  strength  losses 
occurring  from  the  coating  process.  Previous  testing  under  the  higher  loading  conditions  did 
demonstrate  the  improved  fretting  resistance  obtained  by  using  chromium-molybdenum  coatings 
on  titanium  alloys. 


■PAHLK  21.  FRErriNG  FATICIUK  TEST  RESULTS 


All  specimens  were  annealed  prior  to  coating  at  593 

°r  (ll(K)'“F)  for  1 

hr 

Lube  H 

'<  Mo  In  Continti  Vapor  Hlant  C<}Qted 

Diffwtion  * 
T’reofmenC 

Bearing 
MN/m*  ffcsi) 

AUematmK  .S'(re»«. 
MN/m'  fk»i) 

Cycles. 

iertz 

Results 

1 X 

X 

X 

17.2  (2.S) 

.344.7  (.50) 

6.7 

10* 

Failed  in  Kage 

1 X 

X 

X 

17.2  (2.5) 

310.3  (45) 

1.13 

X 

10* 

Failed  in  Kat(e 

1 X 

X 

X 

17.2  (2.5) 

27.5.8  ( 40) 

2..5H 

X 

10* 

Failed  in  fi&ne 

1 X 

X 

X 

17.2  (2.5) 

241.3  (35) 

1.0 

X 

10’ 

Did  not  fail 

.)  X 

X 

X 

17.2  (2.5) 

310.3  (45) 

1.39 

X 

10* 

Failed  in  liane 

.1  X 

X 

X 

17.2  (2.5) 

275.8  (40) 

5.29 

X 

10* 

Failed  in  (tage 

M X 

X 

X 

17.2  (2.5) 

.344.7  (.50) 

1.86 

X 

10* 

Failed  in  game 

:t  X 

X 

X 

17.2  (2.5) 

241.3  (35) 

5.7 

X 

10* 

Failed  in  Rage 

17.2  (2.5) 

344.7  (50) 

9.8 

X 

10* 

Failed  in  RaRe. 

6.9  (1.0) 

275.8  ( 40) 

3.02 

X 

10* 

Failed  in  RBRe 

X 

X 

17.2  (2.5) 

344.7  (50) 

9.0 

X 

lO" 

Failed  in  RaRe 

X 

X 

17.2  (2.5) 

,379.2  (.55) 

2.02 

X 

10* 

Failed  in  RaRe. 

X 

X 

17.2  (2.5) 

310.3  (45) 

7.9 

X 

10* 

Failed  in  RaRe 

X 

X 

17.2  (2.5) 

275.8  (40) 

7.0 

X 

10* 

Failed  in  RaRe. 

X 

34.5  (5) 

344.7  (50) 

1.45 

X 

10* 

Failed  in  RaRe 

X 

34.5  (5) 

275.8  (40) 

1 

X 

10’ 

Did  not  fail. 

X 

17.2  (2.5) 

275.8  (40) 

1 

X 

10’ 

Did  not  fail. 

X 

17.2  (2.5) 

.344.7  (50) 

1.53 

X 

10* 

Failed  in  RaRe. 

X 

17.2  (2.5) 

310.3  (45) 

3.4 

X 

10* 

Failed  in  RaRe 

X 

17.2  (2.5) 

310.3  (45) 

3.19 

X 

10* 

Failed  in  RaRe. 

X 

17.2  (2.5) 

379.2  (55) 

7.6 

X 

lO* 

Failed  in  RaRe. 

0 

344.7  (.50) 

1..32 

X 

10* 

Failed  in  gage. 

• Diffusion  treatment:  H7I°(' 

(lfi(K)”F)/l  hr 

+ .')93°c  (lUXrF)/8  hr. 
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Uncoated  50  ksi 
Alternating  Stress 
1.45  X 105  Cycles 


1%  Cr-Mo  Coating 
871°C/1  hr 
-I-  593°C/8  hrs 
Lube  B 
50  ksi 

66.7  X lO'*  Cycles 


FI)  11.V>.12 


Figure  41.  Surface  Appearance  of  Fret  ting -Fatigue  Specimens  After  Testing  at  316°C  With  a 
34  4 MN/m^  (5  ksi)  Bearing  Stress  Applied 
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SECTION  III 
CONCLUSIONS 


COATING  APPLICATION 

1.  A chroniiiim-nioIvlKienimi  plalinf;  solution  was  dcvt'loped  ((intainint!  ( lirornu  at  id, 
ammonium  molvlidalc.  and  sullatf  ion  catalysis.  It  produced  deposits  (ontainmt;  I'l 
molylidenum, 

'1  Another  plating  procedure,  using  iH'riodic  on-ot(  current  cycling,  increased  the  molyhih'imm 
content  to  .'I'V  and  produced  line  gram  deposits  providing  improved  i orrosion  resistance. 

■i.  Control  ol  both  surlace  preparation  and  plating  parameters,  siu  h as  maintaining  the 
solution  between  .t*)®  and  •4n°C.  were  essential  to  obtain  satislactory  deposits. 

■1.  Alter  dillusion  at  temperatures  above  700°C  the  coatings  demonstrated  excellent  adhesion 
to  the  three  alloys  investigated,  T'i  KAl  lV -iMo,  Ti  (iAl  IV  and  Ti  liAl-bV-'JSn. 

.0.  Alternate  coating  methiKls  such  as  sputtering  can  be  used  to  obtain  higher  concentrations 
ol  molybdenum 

COATING  PROPERTIES 

1 . The  as-plated  coating  increases  the  threshold  stress  for  hot  salt  stress  corrosion  craiking  at 
•IH()“C  from  below  27.')  MNVm'  to  above  41.'t  MN/m^  After  diffusion  at  or  above  7()()®C  the 
coating  did  not  provide  the  same  protection. 

2.  Hither  of  the  dejrosit  compositions,  Kf  or  molybdenum,  reduced  the  room  temperature 
erosion  rate  to  half  that  of  the  uncoated  alloys. 

d.  Coalings  protected  titanium  alloy  substrates  from  oxidation  at  temperatures  above  .7(K)‘’C 
I9M2°K).  The  useful  o[H-rating  tem|>erature  of  coated  alloys  may  be  increased  by  1IH)°C  when 
only  oxidation  stability  limits  the  useful  application  temperatures. 

4.  (lenerally.  the  1‘7  molybdenum  deposit  diffused  at  7tiO®C  for  d hours  provided  better  wear 
resistance  to  titanium  alloys  than  the  3'7  molybdenum  deposits  or  the  higher  temperature 
diffusioii  '.-ycles.  These  results  indicate  the  undiffused  coating  layer  provides  the  tudk  of  the 
wear  resistance  while  the  diffusion  layer  is  necessary  only  to  improve  adhesion. 

T).  Further  lubrication  with  either  oil  or  dry  films  improves  the  wear  resistance. 

COATING  EFFECTS  ON  ALLOY  PROPERTIES 

1 . None  of  the  chromium-molybdenum  alloy  coating  systems  reduced  the  fatigue  strength  by 
more  than  d'»,  regardless  of  the  diffusion  cycle  used. 

2.  The  coaling  systems  improve  the  fretting-fatigue  strength  of  titanium  alloys. 


SECTION  IV 
RECOMMENDATIONS 


The  socotul  phase  of  this  study  should  be  started  and  include: 

1.  Wear  tests,  similar  to  those  conducted  in  this  report,  on  the  higher 
molybdenum  containing  sputtered  coatings. 

2.  An  evaluation  of  the  hot -salt  stress  corrosion  resistance  ot  duplex  coated 
specimens,  replated  after  initial  diffusion,  to  see  if  both  adhesion  and  stress 
corrosion  resistance  can  be  obtained.  Identify  the  protective  mechanism. 

2.  Complete  the  evaluation  of  laser  diffusion  processes  including  metallo- 
graphic  examination  of  pnK-essed  specimens. 

4.  Kvaluate  the  extent  of  distortion  caused  by  the  760°C  ditfusion  process  on 
ch»se  tolerance  parts. 

"i.  Conduct  fatigue  and  notched  fatigue  tests  at  up  to  r>()()°C  (9.42°K). 

b.  Assess  the  fretting-fatigue  resistance  of  coated  titanium  using  a different  test 
method. 

7.  Conduct  stress  rupture,  creep,  and  tensile  tests  to  assess  the  effects  of  the 
coating  process  on  these  properties. 

H.  Flvaluate  the  effects  of  coating  thickness  on  wear  resistance  and  identify  wear 
mechanisms. 
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APPENDIX  A 

CHROMIUM-MOLYBDENUM 
APPLICATION  PROCEDURE 


I 


! 

1.0  SOLUTION  MAKEUP 

I I .Sfir  Hcfiiiliilitif;  IM.iliii);  Math 

Chriimic  Aci<i  ' h>  n//f;al  (HIX)  g/l) 

l'(  Molyluiemim  deposit  - 10  oz/nal  (T'l  n/l) 

Animoniimi  Molvlidaic  iNH.l,  Mo,()„  > I H^O 

■I'.  Molyhdemim  deposit -1 2.0  oz/fjal  tit.')  k/Ii 

1.1.1  Dissolve  the  ehromie  arid  in  deionized  water  at  room  temperature. 

1.1.2  Di.ssolve  the  ammonium  molybdate  solution  in  deionized  water  at  l)0°('  i ')°C 
(M0°F  1 ltl“Kl. 

1.1.. 1  Add  the  ammonium  molybdate  solution  to  the  ehromie  aeid  and  brinn  up  to 

the  operatiiif;  level. 

1.1.1  Adjust  temperature  of  plating  solution  to  :1H°C  t 2°C'(100''K  t .'j°Fl 

1 1.2  \'apor  Mlast 

N'ovaeulite  2IM)  ' 480-720f;/l  (4  to  0 tb/Kall 

Antisolidilying  Compound’  1 l.'!g/22.7Kg  (4  oz/.atltb)  abrasive 
Corrosion  Inhibitor*  4 ml/1  (l.'i  ml/gall 

1.2.1  Fill  tank  to  altout  'i  ol Operating  level  with  water. 

1.2.2  Add  abrasive  slowly  while  cireulating  pump  is  on. 

1.2.2  Add  antisolidilyinn  eompound. 

1.2.4  Add  eorrosion  inhibitor. 

1.2.. ')  Fill  to  operating  level. 

1.2  F.teh  Solution 

Mydrolluorie  Aeid  (4H'()  2.1  ml/l  (H  ml/Kall 
Sodium  Chromate  11.7  ml/l  (1..')  oz/gall 

1.2.1  Dissolve  the  retpiired  amount  oi  sodium  ehromate  in  deionized  water. 

1.2.2  Add  retjuired  amount  ol  hydrolluorie  aeid. 


2.0  PROCEDURE 


2.1  Mask  area  not  to  he  plated  with  suitable  stop-olf  laccpier 

2.2  \ a|)or  blast  surtaee  to  be  plated  with  wet  abrasive  at  0.4  to  0.7  .MPa  (.'k)  to  10<)  psi) 

2.0  Rinse  thorouKhly  in  dean  running  water. 

2.0.1  (’leaned  surface  must  not  be  allowed  to  dry  prior  to  [)lating.  Submerge  part  in 
deionized  water. 

2.4  Ktch  (or  .o  to  10  seconds  to  produce  chrome  conversion  coating 

2.0  I ’sing  lead  anodes,  immerse  part  in  plating  solution  with  current  '‘oil" 

2.0  Raise  current  to  11.7  ASI)  (0.7r)  ASIl  for  2..')  minutes 


2.7  Plate  at  40.7  ASD  (0.0  ASIl  for  00  minutes 

2.7.1  To  deposit  a O';  molybdenum  concentration,  periodically  interrupt  curre  nt  1 
second  on,  1 .second  off  at  40.7  ASI)  (0.0  A.SI)  for  00  minutes.  (.Note:  use  04. .7 
g/1  (12.0  oz/gal)  of  ammonium  molybdate  make-up  solution  in  conjunction 
with  periodic  interrupt  method.) 

2.H  Rinse  thoroughly  in  deionized  water 

2.9  Heat  treat  in  vacuum  at  76()‘’(’  for  0 hours 

.0.0  lO[)tion)  glass  bead  ireen  or  vapor  blast  surfaces. 

NOI’K: 

' I'nited  (’hromium,  SRH.S  CR  110 

’Va|)or  Mlasting  Mfg.  (’o.,  NVH  #2(K) 

’ Vajair  Blast  Mfg.  Co.,  No-Pak 

* Reilly-Whiteman-Walton  Co.,  XOl-OO  water  conditioner 
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APPENDIX  B 

METHOD  FOR  DETERMINING  THE  EFFECTS  OF  HOT-SALT 
STRESS  CORROSION  ON 
TITANIUM  ALLOYS 


1.  SCOPE 

This  section  describes  the  procedure  for  determining  the  effect  of  materials  and  processes  on 
stress  corrosion  of  titanium  test  pieces. 

2.  APPARATUS 


LM  Stress  Corrosion 'I'est  Specimens:  'I’i  8A1-1 V- 1 Mo  sheet,  variable  length  0.  lO  ; 0.02 
cm  thick,  1.2,''  cm  wide. 

2. 1. 1 .Stress  will  be  calculated  for  the  specimens  using  methods  described  in 
Reference  20. 


2 2 Specimen  Holder:  Figure  42. 

2.li  Oven:  Circulating  air,  capable  of  heating  to  and  maintaining  4H()°C  t o'C  ; 

l()°F)  for  KM)  hr. 

2.4  Microscope:  Capable  of  lOX  magnification. 

2..'i  .Microsyringe:  Capable  of  measuring  IbO  i T)  microliters. 

2.()  .Soriium  Chloride  Solution:  2' < aqueous  solution  of  .sodium  chloride  prepared  with 
distilled  or  demineralized  water. 


1 8 ± 0.25  cm 


■ICi 


0.5  ± 0.08  cm 


JH 


8 9 ± 1 0 cm 


Material.  Nickel-Base  Alloy  or  Nickelplated, 
Type  300  Series  Stainless  Steel. 

Finished  Dimensions  After  Plating 


0 6 ± 0 02  cm  0.6  ±0.02  cm 

13.970  ± 0.013  cm 


t-'iuiirr  12  Strvss  ('(irntsinn  Sprcimrn  Holder 


til 


3.  PROCEDURE 


.'t.l  For  (’hmntiiim-Molybdenuni  Coaled  Specimens 

'1.1.1  ('lean  the  lest  specimens  and  a control  specimen  (not  treated)  with  acetone 
Cse  white  gloves  or  the  etjuivalent  when  handling  specimens  to  prevent 
contamination 

.'1.1.2  Hend  the  test  specimens  and  c>ne  control  specimen  into  the  specimen  holder 

■ 1.1. ;i  Place  l.oO  i .")  microliters  of  3%  sodium  chloride  solution  Irom  a inicrosvrinKe 

onto  an  approximately  l-inch  long  section  of  each  specimen.  The  solution 
should  he  placed  near  the  center  and  on  the  convex  side  of  the  specimens. 

:1.1.4  Dry  at  SO  to  90°C.  A solid  residue  shall  remain  on  the  specimens. 

,'1.1..')  f’lace  the  holder  with  the  Ti  HAl-lV-lMo  specimens  into  a clean  circulating 
air  oven  at  the  desired  temperature  for  ItX)  hr. 

.'1.2  For  All  Other  Surface  Treatments 

;i.2.1  (’lean  a control  specimen  (not  treated)  with  acetone,  l.'se  while  gloves  or  the 
equivalent  when  handling  s|)ecimens  to  prevent  contamination. 

.'1.2.2  Bend  the  test  spec  irnens  treated  with  the  material  or  process  being  tested  and 
one  control  specimen  into  the  specimen  holder. 

.'1.2..'l  Place  the  holder  with  the  Pi  HAl-lV-lMo  specimens  into  a clean  circulating 
air  oven  at  the  desired  temperature  for  UK)  hr. 

4.  EXAMINATION 

4.1  Kxamine  the  s()ecimens  at  7 to  lOX  for  breaks  or  obvious  cracks  while  they  are  still 
in  the  specimen  holder. 

4.2  Test  is  invalid  if  control  specimen  does  not  break  or  show  obvious  cracks.  Repeat  all 
tests  using  new  control  and  test  s[>ecimens. 

4.3  If  control  or  test  specimen  shows  no  breaks  or  cracks,  remove  from  the  holder  and 
treat  as  follows. 

4.3.1  VaiMir  blast  the  specimen. 

4.3.2  Immerse  the  specimen  into  a solution  of:  T)  parts  nitric  acid,  one  part 
hydrofluoric  acid  and  one  part  sulfuric  acid  at  riO  to  6r)°C  for  30  sec  or  until 
exce.ssive  red  fumes  are  liberated,  whichever  comes  first. 

4.3.3  Immediately  rinse  the  s|)ecimen  in  running  water  and  dry. 

4.3.4  Fixamine  the  specimen  at  7 to  lOX  for  cracks. 
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5.  RECORDING  AND  REPORTING 


■>  I IVsi  S[)fi  imi-ii  Shnwinj;  Mrciiks  nr  (’racks:  Kccord  and  rcjMirl,  "Tcsi  spc(  imctis  shnw 
cMdcncc  ol  breaks  or  cracks.  Test  specimens  tail  to  pass  the  slre.ss  c(irrnsi<m  lest" 

.‘>.2  lest  Specimen  Sh^wm^;  No  Hvidence  ol  ('racks:  Keturd  and  report.  "Test  spei  imens 
pass  the  stress  corrosion  lest." 

■>.2  ('oniroi  Spec  linen  Shows  No  Kvidence  ol  ('racks:  Ueoird,  ■' Test  not  valid,  ( onirol 
'■pecimens  show  no  evidence  ol  cracks." 
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